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ABSTRACT OF DISSERTATION 
 
 
 
 
GLOBAL-SCALE ANALYSIS OF THE DYNAMIC TRANSCRIPTIONAL 
ADAPTATIONS WITHIN SKELETAL MUSCLE 
DURING HYPERTROPHIC GROWTH 
 
Skeletal muscle possesses remarkable plasticity in responses to altered 
mechanical load.  An established murine model used to increase mechanical load 
on a muscle is the surgical removal of the gastrocnemius and soleus muscles, 
thereby placing a functional overload on the plantaris muscle.  As a consequence, 
there is hypertrophic growth of the plantaris muscle.  We used this model to study 
the molecular mechanisms regulating skeletal muscle hypertrophy. 
 
 Aged skeletal muscle demonstrates blunted hypertrophic growth in 
response to functional overload.  We hypothesized that an alteration in gene 
expression would contribute to the blunted hypertrophic response observed with 
aging. However, the difference in gene expression was modest, with cluster 
analysis showing a similar pattern of expression between the two groups. Despite 
ribosomal protein gene expression being higher in the aged group, ribosome 
biogenesis was significantly lower in aged compared with young skeletal muscle 
in response to the hypertrophic stimulus (50% versus 2.5-fold, respectively).  The 
failure to fully up-regulate pre-47S ribosomal RNA (rRNA) expression in old 
skeletal muscle undergoing hypertrophy indicated ribosomal DNA transcription by 
RNA polymerase I was impaired. Contrary to our hypothesis, the findings of the 
study suggest that impaired ribosome biogenesis was a primary factor underlying 
the blunted hypertrophic response observed in old skeletal muscle rather than 
dramatic differences in gene expression. 
 
 As it appears ribosomal biogenesis may limit muscle hypertrophy, we 
assessed the dynamic changes in global transcriptional output during muscle 
hypertrophy, as the majority of global transcription is dedicated to ribosome 
biogenesis during periods of rapid growth.  Metabolic labeling of nascent RNA 
using 5-ethynyl uridine permitted the assessment of cell type specific changes in 
 
global transcription and how this transcription is distributed within the myofiber.  
Using this approach, we demonstrate that myofibers are the most transcriptionally 
active cell-type in skeletal muscle, and furthermore, myonuclei are able to 
dramatically upregulate global transcription during muscle hypertrophy.  
Interestingly, the myonuclear accretion that occurs with hypertrophy actually 
results in lower transcriptional output across nuclei within the muscle fiber relative 
to sham conditions.  These findings argue against the notion that nuclear accretion 
in skeletal muscle is necessary to increase the transcriptional capacity of the cell 
in order to support a growth response.   
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Chapter One: Background 
Skeletal Muscle Plasticity 
 Skeletal muscle cells have the remarkable ability to change their phenotype 
in response to altered mechanical load, such as cell size, contractility and/or 
metabolism.  A multitude of factors can impact this change in phenotype, such as 
chronic disease, including cancer and AIDS, as well as advanced age (1, 2).  Thus, 
a significant amount of research has been conducted to unravel the molecular 
mechanisms that regulate skeletal muscle plasticity and how these processes are 
affected by age and disease.  Furthering our understanding of the biological 
processes that control skeletal muscle adaptation, this could hopefully aid in 
developing targeted therapeutics aimed to preserve skeletal muscle mass and 
function during situations detrimental to these key phenotypic traits.  In addition to 
the ability to adapt, muscle possesses the remarkable ability to regenerate after 
injury.  Thus, one key aspect in studying muscle adaptation is distinguishing 
between a regenerative response and an adaptive response, as these two 
processes my produce a distinct molecular signature.  One primary difference may 
involve differential involvement of various other cells in the adaptive response.  To 
this end, our group has sought to critically investigate the role that resident muscle 
stem cells, termed satellite cells, play in various forms of muscle adaptation (3-7).     
Satellite Cells 
Since their discovery in 1961 (8), satellite cells have remained a  main area 
of focus within the field of muscle biology.  Satellite cells were first named based 
on their anatomical position between the sarcolemma and basal lamina within 
muscle fibers.  It is now well-established that satellite cells are the primary resident 
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stem cell in adult skeletal muscle and play a vital role in the regenerative process 
following injury (7, 9).  Satellite cells fit the definition of a stem cell as they have 
the capability of self-renewal and can differentiate into a specific cell type, in this 
case myofibers.  Satellite cells are normally quiescent in post-natal skeletal 
muscle, unless activated by some signal.  Besides muscle regeneration, the role 
of satellite cells in normal muscle maintenance and homeostasis is still an area of 
debate.  Nevertheless, it is clear that satellite cells have a regulatory role outside 
of muscle regeneration, however the extent to which they are necessary for these 
processes is still unclear.  The unequivocal necessity of satellite cells in skeletal 
muscle regeneration has directed the focus of  many groups in the field to study 
the role of satellite cells in other facets of muscle plasticity, particularly with respect 
to muscle hypertrophy (3, 6, 10-14).       
Satellite cell lineage and molecular identifiers 
During development, adult satellite cells are derived from the 
dermomyotome with arises from the paraxial mesoderm (15).   After formation of 
the dermomyotome, myogenic progenitors condense into the primary myotome 
which eventually will give rise to satellite cells (16).  A significant amount of 
research over the last two decades has elucidated the molecular regulation of 
satellite cells during embryonic development and behavior during regeneration.  
The ability of satellite cells to activate the myogenic program is mainly through the 
expression of the paired-box genes (Pax3/7) and the myogenic regulator factors 
(MyoD, Myf5, myogenin and MRF4) (17).  Of particular importance is Pax7, which 
is absolutely necessary for the post-natal maintenance and self-renewal of satellite 
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cells (18, 19).  This obligatory role for Pax7 in satellite cell fate makes it the 
canonical identifier of satellite cells in adult skeletal muscle, as it is specifically 
expressed in all quiescent and proliferating satellite cells (20).  Thus, numerous 
studies have utilized the Pax7 locus to genetically manipulate expression of 
various genes specifically in satellite cells (9, 21, 22).         
Satellite cells during post-natal growth 
There is substantial myofiber growth after birth, increasing approximately 
three-fold by post-natal day 21 (p21) in mouse skeletal muscle. Accompanying this 
post-natal muscle growth, there is a substantial increase in myonuclear number, 
which then plateaus and remains constant after p21 (23, 24).  Seminal studies 
implicated satellite cells as the primary source of post-natal myonuclei through the 
use of incorporated tritiated thymidine (25, 26).  Furthermore, at birth satellite cell 
content in mice and rats is ~30-35% of all muscle nuclei , which drops to ~10% by 
post-natal day 28, and further to <5% in adulthood (27-29).  More recently, the 
requirement for satellite cells in the post-natal skeletal muscle development has 
been highlighted utilizing the Cre-loxP inducible system  which allows for both 
lineage tracing and inactivation of Pax7 during the juvenile period of development 
(30).  Using this technology, it is clear that satellite cells are the primary source of 
myonuclei during post-natal muscle growth (30).   Not only are satellite cells the 
primary source of myonuclei, they are obligatory for normal muscle maturation and 
growth during post-natal development.  When satellite fusion in inhibited, normal 
muscle formation is abolished (31). Collectively, results from numerous studies 
make it clear that the fusion of satellite cells is necessary for appropriate post-natal 
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muscle growth.  Based on these findings demonstrating the necessity of satellite 
cells in post-natal skeletal muscle hypertrophy, the field has postulated that   
perhaps satellite cells are also necessary for skeletal muscle hypertrophy in 
adulthood.      
Satellite cells in adult muscle hypertrophy 
 It has long been know that muscle hypertrophy induced by increased 
mechanical overload results in an increase in DNA content (32) and the number of 
myonuclei within skeletal muscle (7, 33-35).  The increase in myonuclear number 
is thought to be exclusively the result of satellite cell fusion into the myofiber, as 
depletion of the satellite cell pool abolishes this response (7).  This nuclear 
accretion, coupled with their defined role in myogenesis and regeneration, has 
fostered the debate as to whether or not satellite cells are obligatory for adult 
skeletal muscle hypertrophy (36-38).   
 Early studies examining the role of satellite cells in skeletal muscle 
hypertrophy utilized γ–irradiation to inhibit myonuclear accretion during 
compensatory hypertrophy (10-14).  In these studies, γ–irradiation was applied 
locally to the muscle at dosage between 1800-3000 rads.  First reported by 
Rosenblatt and Perry, irradiation completely abolished increases in wet weight and 
cross-sectional area of the EDL muscle following surgical removal of the synergist 
tibialis anterior (TA) muscle (12).  These findings laid the groundwork for the role 
of satellite cells in adult muscle hypertrophy.  In a more comprehensive study 
design, Adams et al., looked at the molecular responses to hypertrophic growth 
following γ–irradiation (10). Moreover, in an effort to understand whether perhaps 
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there is a temporal aspect that may be mediating adaption, they utilized three time 
points (3, 15 and 90 days) following mechanical overload.  They found that both 
plantaris wet weight and myofibrillar protein content was significantly lower in the 
irradiated muscle after 15 and 90 days of overload.  This was accompanied by a 
46% increase in cross-sectional area and 44% increase in myonuclear number in 
overloaded animals, with these measures being unchanged in the irradiated 
animals.  Result from these early studies supported the notion that satellite cell 
participation is necessary for muscle hypertrophy.  However, the results from these 
studies may be confounded by the fact that γ–irradiation has been shown to inhibit 
translation and thus, may negatively affect the growth response. 
Based on the shortcomings of these early studies utilizing γ–irradiation to 
inhibit satellite cell proliferation, our group revisited the role of satellite cells during 
overload-induced hypertrophy.  To overcome the issue of non-specific cellular 
damage to other cell types, we generated the Pax7-DTA mouse strain which allows 
for the specific depletion of the satellite cell pool (3, 7).  This was done by crossing 
the Pax7CreER/CreER mouse strain to the Rosa26DTA/DTA mouse strain.  The 
Pax7CreER/CreER locus expresses a satellite cell-specific Cre-recombinase that 
remains sequestered in the cytoplasm by HSP90. The Cre-recombinase can only 
translocate to the nucleus upon administration of tamoxifen.  The Rosa26DTA/DTA 
allows for the expression of diphtheria toxin within a cell after the Cre recombinase 
excises the stop cassette which is located upstream of the DTA gene.  Thus, Pax7-
DTA mouse strain allows for the inducible and specific depletion of satellite cells 
during adulthood upon administration of tamoxifen.  Using this mouse strain, 
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McCarthy et al. demonstrated a >90% reduction in satellite cell number prior to 
inducing hypertrophy (7).  This level of depletion did not affect acute muscle 
hypertrophy as assessed by both muscle wet weight and cross-sectional area, 
despite completely blocking nuclear accretion resulting in expansion of the 
myonuclear domain (7).  These findings argue against the notion that nuclear 
accretion via satellite cells is required for acute muscle hypertrophy. 
In addition to their role in hypertrophy induced by mechanical overload, 
others have examined the participation of satellite cells during hypertrophy 
triggered by modulation of growth-regulating cell signaling pathways (39-42).  
Blaauw and colleagues demonstrated that inducible activation of Akt was sufficient 
to drive robust increases in muscle mass (~50%) within a three week time period 
(39).  Furthermore, the authors saw little to no activation of satellite cells as 
assessed by incorporation of BrdU, leading the authors to conclude that satellite 
cells were not required for hypertrophy induced by Akt overexpression.  Another 
well-studied model of hypertrophy involves inhibition of the growth-restricting 
myostatin pathway (40-42).  In mice lacking myostatin (mstn-/-), fiber size is 43% 
greater than wild-type controls, yet do not contain more myonuclei (42).  
Furthermore, blockade of this pathway increases fiber area in the TA by 16% after 
two months with no change in myonuclear number (42).  These findings suggest 
that myostatin-induced hypertrophy is independent of satellite cell participation.  To 
more conclusively demonstrate that satellite cells are not required for myostatin-
induced hypertrophy, Se-Jin Lee et al. inhibited myostatin signaling in mice lacking 
syndecan 4 (Sdc-/-) (40).  Sdc-/- mice fail to active satellite cells in response in 
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injury.  In this genetic background, myostatin blockade was still able to induce 
substantial hypertrophy with little fusion of satellite cells into the myofiber (40).          
Collectively, these findings suggest that myofibers can undergo acute 
hypertrophic growth in adult animals without participation from satellite cells.  This 
raises intriguing questions into what might be the compensatory mechanism that 
allows the muscle to hypertrophy independent of satellite cells, and further, what 
is the signaling event directing satellite cells to fuse in the first place.   
Impaired satellite cell content and function with age 
 It is now well-established that aging has a significant impact on satellite 
cells, including a decrease in overall content with advanced age in both rodents 
(43-45) and humans (46-48), as well a decline in their overall functionality (49).  
This satellite cell dysfunction is thought to underlie the impaired regenerative 
potential observed in aged animals.  Thus, a multitude of studies have attempted 
to uncover the molecular basis for impaired satellite cell function with age.  While 
still a point of debate, it appears that both intrinsic defects within the cell, as well 
as changes to the extracellular environment, play a role in defective satellite cell 
function.  Intrinsic changes to satellite cell behavior are observed when primary 
myoblasts are cultured in vitro.  Using this model, it has been shown that activation 
of satellite cells takes longer without affecting cell cycle progression (50), with aged 
satellite cells actually displaying increased proliferation under resting conditions 
(51).  These findings indicate that aged satellite cells have an impaired ability to 
remain quiescent and self-renew.   
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Additional factors that affect satellite cell behavior during aging are changes 
to their niche or altered circulatory factors.  The role of the environment on aged 
satellite cells was first demonstrated in an intricate study from the Rando laboratory 
which showed that parabiosis of the circulation between a young and old animal 
was sufficient to rescue defects in aged satellite cell function during regeneration 
(52).       
Dysfunctional muscle hypertrophy with age 
 Aged skeletal muscle shows an attenuated hypertrophic growth response 
generated by mechanical overload (53, 54).  Coupled with diminished satellite cell 
content and function, this has led to the view that satellite cell activity is required 
for hypertrophic growth in aged animals. Recently, Ballak and colleagues reported 
that the blunted hypertrophic response in old mice was associated with lower 
satellite cell density (55).  Despite this strong association between diminished 
satellite cell activity and impaired hypertrophy, it remained unclear whether there 
was a causative relationship.      
Therefore, to directly test their role in aged muscle hypertrophy, we depleted 
satellite cells at ~4 months of age and then allowed  the animal to age to ~24 
months of age, after which we performed synergist ablation to induce hypertrophy 
(6).  As anticipated, the aged animals had a blunted hypertrophic growth response 
relative to younger animals, which was independent of satellite cell content.  
Furthermore, we found that satellite cell behavior was relatively unaffected in 
vehicle-treated aged animals, as satellite cells still increased in number and fused 
into the myofiber during synergist ablation.  Intriguingly, this nuclear accretion 
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occurred without any change in myofiber size, suggesting that perhaps the signal 
for fusion is not necessarily coupled to an increase in cytoplasmic volume but 
rather some other factor such as mechanical strain.  This idea is supported by 
earlier work demonstrating that nuclear accretion precedes hypertrophic growth 
induced by synergist ablation (56).  These findings further refute the hypothesis 
that satellite cell fusion is required for acute hypertrophy.    
Based on our work and the work of others, it is clear that aging has a 
negative impact on the ability of skeletal muscle to respond to a hypertrophic 
stimulus.  Furthermore, the loss of satellite cell content or activity does not appear 
to exacerbate the impaired skeletal muscle growth observed in aged animals.  
Thus, these findings suggest that the inability of aged skeletal muscle to 
hypertrophy is a result of a dysfunctional growth response intrinsic to the myofiber.   
Alternative mechanisms contributing to blunted hypertrophy in aged 
animals 
  Research over the past two decades has made it clear that protein 
metabolism is one of the primary cellular processes that control skeletal muscle 
hypertrophy (57, 58).  Thus, one plausible explanation for the blunted growth 
response is altered protein metabolism in aged animals.  Previous studies utilizing 
the synergist ablation model of muscle hypertrophy have demonstrated that the 
myofibers that exhibit the largest increase in protein synthesis are associated with 
the greatest growth response (59).  Changes to translational efficiency and 
translational capacity are the two main factors that determine the rate of protein 
synthesis.  Furthermore, one of the primary molecular pathways that regulates 
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these two core processes is the mammalian target of rapamycin (mTOR) pathway.  
Previous studies have suggested that activation of mTOR pathway may be 
dysfunctional in aged animals, leading to an impaired growth response.  This 
hypothesis is supported by work from Thompson and Gordon who demonstrated 
that aged animals had reduced activation of downstream mTOR targets following 
7 days of synergist ablation (60).  Conversely, others have reported no difference 
in the activation of mTOR following 28 days of synergist ablation (61).  These 
findings reveal that aged animals have a different temporal profile for expression 
of growth-regulating genes.  Moreover, other signaling pathways outside of mTOR, 
such as those that primarily regulate translational capacity, may be impaired in 
aged animals resulting in an attenuated growth response. 
 Translational capacity is largely influenced by the ribosome content within 
the cell (62).  During periods of muscle hypertrophy, increases in ribosome content 
are associated with an increase in protein synthesis (63).  Furthermore, it is 
suggested that chronic modulation of protein synthesis is primarily determined by 
the ability to increase translational capacity, rather than translational efficacy (64).  
Growing evidence suggests that the ability to increase translation capacity within 
the myofiber may influence the degree of hypertrophy during compensatory 
hypertrophy (62).  Thus, understanding that factors that regulate this process in 
skeletal muscle may provide insights into the conditions where hypertrophy is 
impaired, such as advanced age.    
To this end, we performed comprehensive transcriptome analyses of both 
young and aged muscle in response to synergist ablation.  First, we describe the 
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synergist ablation surgery utilized to induce growth of the plantaris muscle.    By 
utilizing multiple sampling time points following synergist ablation, we captured the 
dynamic gene expression changes during hypertrophy and determined the effect 
of aging on the changes.  Moreover, we investigated whether changes in 
translational capacity may be impacting the growth response in aged animals.  
Finally, we developed and characterized an in vivo nascent RNA labeling 
technique to track global myonuclear transcription during hypertrophic growth.  
Collectively, the aim of these studies is to utilize novel approaches to further our 
understanding of the global transcriptional response of skeletal muscle to 
hypertrophic growth and how this process may be affected by age.  
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Chapter Two: Synergist ablation as a rodent model to study satellite cell 
behavior in skeletal muscle 
Contributions 
 Figures 1-5 were generated by TJK. 
Abstract 
In adult skeletal muscle, satellite cells are the primary myogenic stem 
involved in myogenesis.  Normally, they remain in a quiescent state until activated 
by a stimulus, after which they proliferate, differentiate and fuse into an existing 
myofiber or form a de novo myofiber.  To study satellite cell dynamics in adult 
murine models, most studies utilize regeneration models in which the muscle is 
severely damaged and requires the participation from satellite cells in order to 
repair.  Here, we describe a model to study satellite cell behavior in muscle 
hypertrophy that is independent of muscle regeneration. 
 Synergist ablation surgery involves the surgical removal of the 
gastrocnemius and soleus muscles resulting in functional overload of the 
remaining plantaris muscle.  This functional overload results in myofiber 
hypertrophy, as well as the activation, proliferation and fusion of satellite cells into 
the myofiber.   Within two weeks of functional overload, satellite cell content 
increases approximately 275% that is accompanied with a ~60% increase in the 
number of myonuclei.  Therefore, this can be used as an alternative model to study 
satellite cell behavior in adulthood that is different from regeneration, and is 
revealing new satellite cell functions in regulating muscle adaptation. 
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1. Introduction 
Adult skeletal muscle has the remarkable ability to fully regenerate following 
extensive injury through the participation of resistant stem cells, making skeletal 
muscle an ideal model system to study stem cell behavior in an adult tissue.  Of 
the multiple stem cells in skeletal muscle, satellite cells are the primary myogenic 
stem cell that give rise to mature myofibers.  In order to study satellite cell dynamics 
in adult animals, the majority of studies employ a regenerative model, typically 
induced by injection of a myotoxin or through a damaging injury, such as a crush 
or freeze (65) .  While these models clearly result in the activation, proliferation 
and differentiation of satellite cells, they also produce extensive damage to many 
cellular structures, in addition to the myofibers.  Thus, the relevance to human 
muscle adaptation, for example in response to exercise training, may be limited.  
Here, we present a surgical model which results in the induction of the same 
myogenic program in satellite cells, without requiring extensive damage to the 
myofiber (3, 7).  Synergist ablation involves the surgical removal of synergist 
muscles thereby placing functional overload on the remaining plantaris muscle.  
Using this model, we see rapid expansion of the satellite cell pool within 7 days of 
functional overload, which further increases by 14 days and starts to decline by 56 
days (Figure 1).  Furthermore, this model induces a 60% increase in myonuclear 
number within 14 days of overload, that appears to be solely the result of satellite 
cells differentiating and then fusing to existing myofibers (7).  Therefore, this model 
can be used as an alternative method to study satellite cell behavior in adulthood  
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Figure 1. Synergist ablation results in a rapid expansion of the satellite cell 
pool.  Satellite cells were identified immunohistochemically on mouse skeletal 
muscle cross sections using an antibody against the satellite-cell specific 
transcription factor, paired box 7 (Pax7).  Satellite cells increase within 7 days of 
functional overload, further increasing by 14 days of overload, and then gradually 
returning to baseline by 56 days of overload. 
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that is distinct from regeneration, and thus, may involve different signaling events 
and/or molecular regulation. 
2. Materials 
Surgical Suite (Figure 2) 
Fume hood 
Oxygen take 
Isoflurane (Henry Schein Animal Health, IsoThesia™, NDC 11695-6776-2) 
Isoflurane Vaporizer Machine (Patterson Scientific, Tec 3 EX Isoflurane Standard 
Fill, AA-00-1041-F250) 
Heated Plexiglas surgery pad 
Dissection microscope (optional) 
Light Source 
Tubing and plastic nose cone 
Directional control valves  
Digital temperature gauge with probe 
Topical Solutions and Analgesic  
Artificial tears 
70% ethanol 
Betadine surgical scrub (i.e. povidone-iodine, 7.5%, NDC 67618-151-17) 
Carprofen  
Tools 
Fine curved forceps  
Coarse forceps 
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Figure 2. Example of a surgery suite for performing rodent surgeries. A - 
Heated Plexiglas surgical table; B - Nose cone attached to isoflurane via tubing; C 
- Closed induction chamber attached to isoflurane; D - Light source; E - Digital 
temperature gauge with probe located on surgical table; F - Isoflurane vaporizer; 
G - Oxygen tank with associated regulator. 
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Fine scissors 
#3 Scalpel handle 
#11 Scalpel blades 
Surgical Probe  
Miscellaneous 
5-0 Polypropylene surgical suture (AD Surgical, #S-P518R13) 
27 gauge insulin syringe 
Labeling Tape  
Piece of scratch-resistant glass (10 inches by 10 inches) 
Rnase Away (optional) 
Cotton tip swabs 
3. Methods 
3.1 Surgical Suite Setup 
1 - Attached temperature probe to the top of the Plexiglas surgical table 
2 - Turn on heating pad located on the underside of the Plexiglas table.  Pads 
designed for animal aquarium use work well since, they are designed to be 
mounted underneath a glass surface.  Temperature should be between 25-27 °C 
at the time of surgery 
3 - Fill isoflurane vaporizer machine with isoflurane 
4 - Turn oxygen tank on and set to a flow rate of 0.5-2 L of O2 per minute 
5 - Set flow to the closed chamber.  Turn on isoflurane vaporizer machine to deliver 
3-4% isoflurane at a flow rate of 0.8-1.0 liter/minute 
3.2 Animal anesthetization, analgesic and restraint 
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1 - Wipe down surgical table with 70% ethanol 
2 - Place animal in closed chamber connected to the isoflurane vaporizer machine 
3 -  Once animal is sufficiently under anesthetic,  quickly remove from box, apply 
Artificial tears to the animals eyes to prevent their eyes from drying out, and 
immediately place face inside the nose cone 
4 - Reduce isoflurane to 1-3% and set flow to the nose cone 
5 - Using and insulin syringe, administer carprofen (10mg/kg) through an 
intraperitoneal injection 
6 - Gently apply tape to the forepaws to avoid the animals head from dislodging 
from the nose cone during surgery (Figure 3) 
3.3 Surgical Site Preparation 
1 - Apply 70% ethanol to the posterior side of both hindlimb 
2 - Using a #11 scalpel blade, gently shave hair away from the posterior side of 
both hindlimbs. 
3 - Secure the first hindlimb by placing tape across the underside of the hindpaw, 
placing the leg in full plantar flexion  
4 - Apply betadine to the surgical site using a cotton tip swab using an expanding 
circular motion 
3.4 Incision and fascia separation 
1 - Place the scalpel just medial to the great saphenous vein at the mid-belly of the 
gastrocnemius.  Incision should run in between the medial and lateral tendons of 
the gastrocnemius (Figure 4)  
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Figure 3. Restraining the animal during surgery. Using standard laboratory 
labeling tape, tape the forepaws to make sure that the animals head remains in 
the nose cone for uninterrupted isoflurane administration. 
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Figure 4. Locating incision line.  The incision (dotted line) should be made 
starting at the mid-belly of the gastrocnemius and run directly between the medial 
and lateral tendons. Careful consideration should be taken to avoid to superficial 
vasculature, particularly the saphenous vein.    
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2 - With constant pressure, make an incision down the length of the hindlimb 
stopping just proximal to the heel (see Notes 1 and 2) 
3 - Use forceps to grab the skin and fascia on the medial side, while simultaneously 
using the surgical probe to gently separate the skin and fascia from the 
gastrocnemius 
4 - For the lateral side, place the probe on the lateral tendon of the gastrocnemius 
and gently position the probe between the lateral head of the gastrocnemius and 
the lateral hamstring (See Note 3)  
3.5 Separating and cutting away the gastrocnemius/soleus from the plantaris 
1 - Use forceps to grab the gastrocnemius tendon and gently pull upwards 
2 - Pulling the gastrocnemius upwards should reveal the bifurcation between the 
gastrocnemius tendon and the plantaris tendon (Figure 5A) 
3 - From the medial side, insert the surgical probe between this bifurcation and 
gently run it up and down the distal 1/2 of the muscle to fully separate the 
gastrocnemius/soleus from the plantaris (Figure 5B) (See note 4) 
4 - Once the probe is between the two sets of tendons, leave the probe in place 
and use a fine pair of scissors to cut the gastrocnemius/soleus tendon which is 
sitting above the probe.   
5 - Take toothed-forceps and grab the severed gastrocnemius/soleus tendon and 
slowly and gently lift up and away from the plantaris 
6 - Cut the gastrocnemius/soleus complex at approximately midbelly and remove 
from the hindlimb (Figure 5C) (See Note 5) 
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Figure 5. Isolating the plantaris tendon and removing the gastrocnemius and 
soleus. A - Gently pull up on the gastrocnemius tendons to identify the bifurcation 
from the plantaris tendon; B - Place surgical probe in between plantaris and 
gastrocnemius/soleus tendon (note medial gastrocnemius tendon has been cut to 
expose plantaris tendon located underneath); C - Surgical area after 
gastrocnemius and soleus have been removed; D - Sutures closing the incision 
site  
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7 - Depending on the amount of satellite cell activation and myofiber hypertrophy 
desired, additional variations to the surgical procedure can be employed (See 
Note 6)  
3.6 Suturing the incision  
1 - Use standard suturing procedures to place 3-4 sutures and close the incision 
(Figure 5D) (see Note 7) 
3.7 Contralateral leg and analgesic administration 
1 - Repeat steps 3.2 - 3.5 on the contralateral leg (See Note 8 for control 
surgery) 
2 - As a post-operative analgesic Carprofen (10 mg/kg IP) or Meloxicam (2-5 
mg/kg IP) should be given at 24h and 48 hours post-surgery 
3.8 Tissue Collection and processing 
1 - Following the desired length of functional overload, euthanize the animal 
according to the guidelines approved by the institution 
2 - Use 70% ethanol to wet the fur and remove all fur and skin from the hindlimb 
3 - Dissect away both medial and lateral hamstrings from the plantaris and 
remaining proximal portion of the gastrocnemius 
4 - Remove as much of the residual gastrocnemius as possible while the 
plantaris is still attached to the hindlimb 
5 - Dissect away the plantaris at the furthest proximal origin and distal insertion 
points 
6 - Place plantaris on glass and use a scalpel to remove any remaining 
gastrocnemius muscle (See Note 9) 
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7 - Finish processing tissue in accordance with downstream analyses 
1. Notes 
Note 1 - The larger the incision, the easier it will be to locate, cut, and remove the 
gastrocnemius and soleus.  However, this will inevitability result in a greater 
healing response.  As the surgeon becomes more proficient, a smaller incision 
can be made in order to minimize trauma and recovery.   
Note 2 - Careful consideration should be taken to make sure the incision reaches 
at least mid-way down the Achilles tendon.  This will make identification and 
separation of the gastrocnemius/soleus tendon from the plantaris tendon much 
easier.  
Note 3 - If the incision was done correctly, the saphenous vein should be just 
lateral to the incision.  It is important to make sure these vessels stay intact 
during the surgery.  Using the probe, it is important to separate the lower 
hamstring which has the saphenous vein and nerves from the gastrocnemius 
muscle.  
Note 4 - The more distal along the tendon bifurcation that you insert your probe, 
the greater the likelihood that you will successfully remove the soleus in addition 
to the gastrocnemius.  This is because the soleus tendon attaches into the 
gastrocnemius tendon more proximal on the Achilles tendon.  Make sure to not 
probe underneath the saphenous vein, which should have been adequately 
separated away in the previous step. 
Note 5 - After removing the complex, closely examine the surgical site to make 
sure that no part of the soleus remains.  Despite being careful, sometimes the 
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probe will not get all the way under the soleus tendon when probing between the 
gastrocnemius/soleus tendon and plantaris tendon.  If this occurs, you may not 
end up removing all of the soleus muscle.  However, the presence of the 
remaining soleus should be easy to identify based on the dark red color of the 
soleus relative to the plantaris.  To remove the rest of the soleus, gently guide 
the probe between the plantaris and soleus and cut the soleus away.  At this 
point, removal of the soleus may be challenging, however as long as it has been 
severed it should not affect the functional overload of the plantaris.   
Note 6 - Based on empirical evidence, the more gastrocnemius that is removed, 
the greater the mechanical load placed on the plantaris.  Removing a large 
portion (ie. >3/4) of the gastrocnemius may result in a regenerative response, in 
addition to hypertrophy of existing myofibers, characterized by the appearance of 
small,  centrally nucleated myofibers. Removing only the lower 1/3 of the 
gastrocnemius should minimize the regenerative response.  It is recognized that 
this surgical model results in a robust growth response, which may be 
undesirable for some studies.  As an alternative, researchers may wish to leave 
the soleus intact resulting in a dual soleus/plantaris overload. 
Note 7 - Since the plantaris is now exposed, careful consideration should be 
taken to not accidentally damage it while suturing.  The distal aspect of the 
incision can be the most challenging, since there is little excess skin to suture 
through.  In this case, the surgeon should be careful to not accidentally suture 
through the plantaris tendon. 
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Note 8 - In order to get maximal functional overload of the plantaris, surgical 
removal of the gastrocnemius/soleus should be performed on both legs.  If one 
leg is left as a contralateral control, the animal with undoubtedly favor this leg 
and not put as much weight on the leg with which the surgery was performed.  To 
address this, we always delegate animals to act as “sham” operated controls.  
For these animals, perform all of the procedures up until 3.4 step number 4 (i.e. 
cutting the tendon) and then skip to 3.5 (suturing).  
Note 9 - Typically if the plantaris is overloaded for longer than 14 days, the small 
amount of gastrocnemius that remains will fuse to the proximal portion of the 
plantaris.  It is important to remove this excess tissue as best as possible, 
particularly if the muscle will be homogenized for RNA or protein analysis.  Since 
this excess gastrocnemius has not been subjected to mechanical overload, it will 
undoubtedly possess a different molecular signature from that of the plantaris. 
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Chapter Three: Blunted hypertrophic response in aged skeletal muscle is 
associated with decreased ribosome biogenesis 
Contributions 
 Figures 7-9, 11 all data generated by TJK. RNA isolation and microarray 
data was performed previously. 
Abstract   
The ability of skeletal muscle to hypertrophy in response to a growth 
stimulus is known to be compromised in older individuals. We hypothesized that 
an alteration in gene expression would contribute to the blunted hypertrophic 
response observed with aging. To test this hypothesis, we determined gene 
expression by microarray of plantaris muscle from 5- and 25-month old male mice 
subjected to 1, 3, 5, 7, 10 and 14 days of synergist ablation to induce hypertrophy.   
Overall, 1607 genes were identified as being differentially expressed across the 
time course between young and old groups; however, the difference in gene 
expression was modest, with cluster analysis showing a similar pattern of 
expression between the two groups. Pathway analysis of the differentially 
expressed gene set revealed that pathways associated with the regulation of 
protein synthesis, oxidative metabolism and immune response were enriched in 
old skeletal muscle. Despite ribosomal protein gene expression being higher in the 
aged group, ribosome biogenesis, as assessed by total RNA concentration, was 
significantly lower in aged compared with young skeletal muscle in response to the 
hypertrophic stimulus (50% versus 2.5-fold, respectively).  The failure to fully up-
regulate pre-47S ribosomal RNA (rRNA) expression in old skeletal muscle 
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undergoing hypertrophy indicated ribosomal DNA transcription by RNA 
polymerase I was impaired.  The altered pattern in 28S rRNA expression further 
indicated that rRNA processing was also affected in old hypertrophying muscle. 
Contrary to our hypothesis, the findings of the study suggest that impaired 
ribosome biogenesis was a primary factor underlying the blunted hypertrophic 
response observed in old skeletal muscle rather than dramatic differences in gene 
expression. The diminished increase in total RNA, pre-47S rRNA and 28S rRNA 
expression in aged muscle suggest that the primary dysfunction in ribosome 
biogenesis occurred at the level of rRNA transcription and processing.    
Background 
Human and rodent studies have reported that skeletal muscle hypertrophy 
is significantly diminished with old age (66-72).  Although the underlying 
mechanism responsible for the blunted hypertrophic response in the elderly 
remains to be clearly defined, an alteration in protein metabolism is thought to be 
a primary factor (73).  In particular, activation of protein synthesis by the 
mechanistic target of rapamycin (mTOR) signaling pathway has been shown to be 
attenuated in aged skeletal muscle subjected to a hypertrophic stimulus (60, 74, 
75).  The notion that blunted mTOR signaling contributes to a compromised 
hypertrophy with age is consistent with the pioneering work by Bodine and 
colleagues showing that mTOR activity is absolutely necessary to mount a full 
hypertrophic response (57).   
In an effort to identify other genes and/or pathways that might contribute to 
the age-related difference in skeletal muscle hypertrophy, microarray analyses 
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have been performed to identify changes in gene expression between young and 
old individuals in response to an acute bout of resistance exercise or following a 
training program (76-78).  Although these studies were able to identify pathways 
that may have a role in the diminished hypertrophic response of the elderly, the 
power of these analyses was limited by the small number of time points, typically 
a pre- and post-measurement.  Given the dynamic nature of gene expression 
during skeletal muscle hypertrophy, it is likely that this design limitation resulted in 
potentially important changes in gene expression being missed (79).  This idea is 
supported by the finding that acute changes in gene expression are no longer 
observed following a resistance exercise training program, and, therefore, may not 
truly reflect those biological processes governing hypertrophic growth (76).  
The purpose of this study was to perform a comprehensive transcriptome 
analysis of old skeletal muscle undergoing hypertrophy in an effort to identify 
differentially expressed genes.  Skeletal muscle hypertrophy was induced by 
synergist ablation with gene expression measured by microarray analysis after 1, 
3, 5, 7, 10 and 14 days.  To identify age-associated genes that were differentially 
expressed in response to this hypertrophic stimulus, we compared this newly 
generated data set against our previously published transcriptome analysis in 
young skeletal muscle subjected to the identical perturbation (79).  Despite 
observing only modest differences in gene expression between the two groups, 
pathways associated with the regulation of protein synthesis, metabolism and 
immune response were highly enriched in old skeletal muscle. Somewhat 
paradoxical though, we found that ribosomal biogenesis was significantly impaired 
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at the level of rDNA transcription in aged skeletal muscle undergoing hypertrophy.  
These findings suggest that the blunted hypertrophic response in old skeletal 
muscle was primarily the result of a failure to sufficiently increase the translation 
capacity of the muscle more so than changes in gene expression.  
Methods 
Animal care and use 
All animal procedures were conducted in accordance with institutional 
guidelines for the care and use of laboratory animals as approved by the 
Institutional Animal Care and Use Committee of the University of Kentucky. Male 
C57BL/6J mice, 5 months of age (The Jackson Laboratory, Bar Harbor, ME) and 
25 months of age (National Institute on Aging, Bethesda, MD) were housed in a 
temperature- and humidity-controlled room and maintained on a 14:10 hour light: 
dark cycle with food and water ad libitum.   
Young (5 months of age) and old (25 months of age) mice were subjected 
to bilateral synergist ablation surgery to induce hypertrophy of the plantaris muscle 
as previously described (80). Briefly, following anesthetization with a mixture of 
95% oxygen and 5% isoflurane, the soleus and the majority of the gastrocnemius 
muscles were surgically excised via an incision on the dorsal aspect of the hind 
limb. Particular attention was made to ensure neural and vascular supply to the 
plantaris muscle remained intact and undamaged. Sham surgery controls involved 
the same procedure without gastrocnemius and soleus muscle excision. Following 
recovery from surgery, mice were anesthetized as described above at the 
designated time point and plantaris muscles were excised, weighed, placed in 
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RNAlater (Ambion, Austin, TX) and stored at 4ºC.  Plantaris muscle was collected 
at 1, 3, 5, 7, 10 and 14 days after the surgery (n = 6 per time point). Control 
plantaris muscles (n=6) were collected from mice subjected to the sham synergist 
ablation surgery. Following collection of the plantaris muscles, mice were 
euthanized by cervical dislocation under anesthesia. 
RNA isolation  
Total RNA was prepared from plantaris muscle using TRIzol reagent 
(Invitrogen, Carlsbad, CA) according to the manufacturer’s directions. RNA 
samples were treated with TURBO DNase (Ambion, Austin, TX) to remove 
genomic DNA contamination. Total RNA concentration and purity was assessed 
by measuring the optical density (230, 260 and 280 nm) with a Nanodrop 1000 
Spectrophotometer (ThermoFisher Scientific, Wilmington, DE). RNA integrity was 
assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, 
CA); the average RIN (RNA integrity number) value for all samples was 9.12 ± 
0.17 (scale 1–10) indicating high-quality RNA with minimal degradation products.  
Microarray analysis  
The microarray analysis was performed at the University of Kentucky 
Microarray Core Facility according to the manufacturer’s protocol (Affymetrix, 
Santa Clara, CA). Gene expression was measured using the Mouse Gene 1.1 ST 
chip which provides coverage of 28,000 protein-coding transcripts and 7,000 non-
coding transcripts of which approximately 2,000 are long intergenic non-coding 
transcripts.  Microarray analysis of plantaris muscle of young mice undergoing 
hypertrophy has been previously published by us (79) and was used in the current 
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study to compare to newly acquired microarray data from plantaris muscle of old 
mice. As in the earlier study, two gene chips were processed at each time point 
from 250 ng of total RNA. The total RNA was derived from a pooled sample of 
either the right or left plantaris muscle from six animals. We pooled RNA samples 
based on the experimental results reported by Kendziorski et al., showing that 
gene expression from a pooled RNA sample is similar to the average from the 
individual samples comprising the pooled sample (81). The gene expression 
obtained from the biological replicates at each time point was uploaded to Partek 
Genomics Suite (St. Louis, MO) for normalization and data processing.  At this 
step, we did not set a lower cutoff for the signal intensity to avoid excluding low 
expressing genes that might show a significant age-associated up-regulation in 
response to synergist ablation. Data was log transformed and duplicate probes 
sets for the same gene were removed, with the probe set demonstrating the 
highest signal intensity being retained in the analysis. In order to facilitate 
downstream pathway analysis, only the probes sets with annotation information 
were included. Following processing, 21,735 genes were exported and used for 
further analysis. Gene expression data has been made available at GEO 
(http://www.ncbi.nlm.nih.gov/geo) for the young (GSE47098) and old (GSE67160) 
hypertrophy studies.   
Identification of differentially expressed genes 
Detection of differential gene expression profiles was performed using the 
R-based Bioconductor statistical software, version 2.6 (82).  In order to detect gene 
expression differences between the young and old groups, data was analyzed 
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using the maSigPro package (83).  This package is specifically designed to identify 
differential expression profiles across experimental groups in time course 
microarray data.  It utilizes a regression-based analysis which allows for time to be 
maintained as an independent variable. First, genes exhibiting significant different 
profiles across the time course were detected using least-squares technique to 
determine the parameters of the general regression model.  Any gene with different 
profiles between the 5-month group and 25-month group will show some 
statistically significant coefficient, and its corresponding regression model will be 
statistically significant. The p-value associated to the F-statistic in the general 
regression model was used to select significant genes between age groups.  
Second, once gene models showing significant differences were identified, 
backwards stepwise regression was performed on this set of genes to identify the 
conditions for which genes shows statistically significant profile changes.    
Cluster and pathway analysis 
Ingenuity Pathway Analysis (IPA) was used to identify those pathways that 
were significantly enriched across all differentially expressed genes, restricting to 
those pathways associated with whole tissues (analysis conducted in June, 2014).  
In order to elucidate how these biological pathways were affected by age, genes 
were categorized based on their response to the synergist ablation (i.e., up- or 
down-regulated) and then mean fold-change at each time point were generated 
for both the up- and down-regulated genes.  Hierarchical clustering was performed 
on all differentially expressed genes based on similar expression profiles across 
time.  
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RT-PCR analysis 
cDNA was generated from 250 ng of total RNA using SuperScript® III First-
Strand Synthesis System (Invitrogen, Life Technologies, Grand Island, NY)  using 
a combination of random hexamers and oligoDT primers. qPCR for each candidate 
gene was performed using KiCqStart® SYBR® Green qPCR ReadyMix (Sigma-
Aldrich, St. Louis, MO) with the following cycle conditions: 95°C for 3 min, 40 cycles 
of 95 °C for 30s, 60 °C for 60 s.  All transcripts were normalized to the geometric 
mean of Gapdh and Rn7sk. These genes were selected based on having the 
lowest variability across age and treatment as determined by the microarray 
analysis.    
Statistical analysis 
The muscle wet weight, total RNA concentration and qPCR data were 
analyzed by two-way analysis of variance followed by Tukey’s post hoc test with 
significance set at p ≤ 0.05.  Significant gene profiles were determined using 
polynomial regression (degree=3) using an FDR-corrected p-value of 0.01 to 
determine statistical significance.  For stepwise regression analysis the p-value for 
the regression coefficients was set to α = 0.01.  Only genes that had a clear trend 
and fit the model with an R-squared value of > 0.7 were used for further analysis.  
A right-tailed Fisher’s exact test was used to determine the top statistically 
significant canonical pathways from IPA.  For this analysis, a p-value < 0.0001 was 
considered statistically significant.  
Results and Discussion 
In response to 14 days of synergist ablation, plantaris muscle weight was 
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significantly increased in both young and old mice; however, the increase in 
normalized plantaris muscle weight was significantly less (40% versus 71%, 
respectively) in old mice compared to young mice (Figure 6).  Importantly, there 
was no difference in the body weight of young and old sham mice and following 14 
days of synergist ablation.  These findings are consistent with previous 
observations in aged animals showing blunted hypertrophic growth following 
mechanical overload ranging from 7 days to 8-weeks (60, 61, 67, 84-86). 
In an effort to identify differentially expressed genes that may contribute to 
the blunted hypertrophic response observed in old skeletal muscle, we performed 
a time course microarray analysis of gene expression following 1, 3, 5, 7, 10 and 
14 days of synergist ablation in young and old mice.  Regression analysis using 
the two data sets identified 1607 genes that were differentially expressed across 
the time course between the young and old groups (Appendix I).   
We next used cluster analysis to determine how age affected the temporal 
pattern of expression of differentially expressed genes.  We found that twelve 
clusters provided a sufficient number of discrete clusters to allow for biologically 
meaningful pathway analysis (Figure 7). Cluster analysis showed that the pattern 
of expression of differentially expressed genes was remarkably similar between 
young and old groups, with the one exception being cluster 12 (Figure 8).  This 
cluster contained genes which were expressed at a much lower level in old muscle  
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Figure 6. Aged skeletal muscle demonstrates blunted hypertrophic growth 
following mechanical overload. Old skeletal muscle showed impaired 
hypertrophy growth of the plantaris muscle following 14 days of synergist ablation, 
relative to that of young skeletal muscle.  † denotes a significant increase relative 
to sham; * denotes a significant age-effect (p<0.05). 
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Figure 7. Temporal profile clustering for 1607 differential expressed genes 
based on similarity in expression profile. 
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Figure 8.  Temporal profile reveals potential novel genes that demonstrate 
an age-dependent expression pattern in response to synergist ablation.  The 
expression pattern of genes within cluster 12 demonstrated the most significant 
effect of age during hypertrophic growth.  The majority of genes with this cluster 
belonged to either the major urinary protein family or the serine (or cysteine) 
peptidase inhibitor family. 
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across the time course and showed a different response to synergist ablation 
compared to young muscle.  Within this cluster, about a third of the genes were 
from either the major urinary protein family (Mup1-4, 7, 11, 19 and 20) or the serine 
(or cysteine) peptidase inhibitor family (Serpina1a, b, c and e) (Appendix I).   
Although few studies have looked at the effect of the Mup genes on skeletal 
muscle function, increasing levels of circulating Mup1 have been reported to 
enhance whole-body energy expenditure that was associated with the activation 
of Akt signaling and mitochondrial biogenesis in skeletal muscle (87).  Thus, 
elevated expression of these genes in young skeletal muscle suggests a possible 
role in regulating the metabolic adaptations that occur with synergist ablation; 
however, it should be noted that the human genome does not harbor any functional 
Mup genes, thus limiting the potential significance of the finding to our rodent 
model of hypertrophy. 
Pathway analysis of the differentially expressed gene set revealed the 
primary biological processes affected by age were the regulation of protein 
synthesis (EIF2 and mTOR signaling), metabolism (oxidative phosphorylation and 
mitochondrial dysfunction) and immune response (T cell signaling) (Table 1).  
These pathways have been implicated in the physiological adaptation to chronic 
mechanical overload (64), with “mTOR signaling” identified as the most enriched 
pathway in a human transcriptome analysis of skeletal muscle in response to 
resistance exercise (78), thus giving us confidence that the informatics approach 
we utilized effectively captured genes involved in the hypertrophic response.  We 
focused on the differentially expressed genes associated with EIF2 and mTOR 
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Table 1. Most Enriched Biological Pathways Among Differentially Expressed Genes 
Ingenuity Canonical Pathways p-value Ratio Genes in Pathway 
EIF2 Signaling 6.69E-09 2.04E-01 
RPL11, RPL24, EIF2B4, Rpl36a, HRAS, EIF2B2, Ppp1cc, 
RPL18A, RPL7A, RPS13, MAPK3, PAIP1, RPL19, RPS3, 
RPS5, RPL18, RPL31, RPL13, AKT2, RPS19, EIF3J, 
RPL7L1, RPL12, RPL23, EIF3E, RPLP0, RPL10A, RPS4Y1, 
RPS26, PIK3R6, RPS15, RPL10, RPS27A, RPL5, EIF3L, 
RPL13A, RPSA 
Mitochondrial Dysfunction 4.35E-07 1.89E-01 
NDUFA4, SDHB, NDUFA9, ATP5H, Cox6c, UQCR11, ACO2, 
TRAK1, NCSTN, NDUFA1, PDHA1, SOD2, ATP5J2, 
NDUFS2, NDUFB6, ATP5F1, ATP5J, NDUFAF1, CYCS, 
GLRX2, SURF1, COX7A1, APP, FIS1, PRDX3, NDUFV2, 
NDUFA11, UQCR10, NDUFA6, NDUFB7, SDHD, NDUFB2 
CTLA4 Signaling in Cytotoxic T 
Lymphocytes 
3.53E-06 2.27E-01 
AP2M1, AKT2, CD3E, HLA-A, AP1M1, CLTC, CLTB, TRG, 
CD8B, PPP2R5A, AP2S1, AP1S1, CD3G, LCK, PPP2R1A, 
AP1G2, PTPN11, LAT, PIK3R6, PTPN22 
mTOR Signaling 3.82E-06 1.72E-01 
ULK1, PLD2, PRKAB1, HRAS, RHOD, RPS13, MAPK3, 
TSC2, RPS6KB2, PRKAA2, FIGF, RPS3, RPS5, AKT2, 
PLD3, STK11, RPS19, EIF3J, EIF3E, PPP2R5A, PLD4, 
RPS4Y1, PPP2R1A, RPS26, PIK3R6, RPS15, PRR5, 
RPS27A, RPS6KA1, FNBP1, EIF3L, RPSA 
Oxidative Phosphorylation 7.91E-06 2.04E-01 
NDUFA4, ATP5J, SDHB, ATP5H, NDUFA9, Cox6c, 
UQCR11, CYCS, SURF1, COX7A1, NDUFA1, NDUFV2, 
NDUFA11, NDUFA6, UQCR10, NDUFB7, ATP5J2, NDUFB6, 
NDUFS2, SDHD, ATP5F1, NDUFB2 
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signaling pathways given the findings from previous studies showing that the 
mTOR pathway was mis-regulated in aging muscle subjected to a hypertrophic 
stimulus (60, 74, 75, 88).  
Of the differentially expressed genes associated with EIF2 and mTOR 
signaling, almost half (24/54) encoded ribosomal proteins (Table 1).  The 
expression of these ribosomal protein genes increased in a similar manner until 
day 5 in both age groups, after which expression remained higher in the old group 
(Figure 9 A).  The ribosomal protein genes showing the greatest age-dependent 
differences were Rpl24, Rps19, Rpl10a, Rpl13 and, in particular, Rpl11 (Figure 9 
B).  RT-PCR confirmed that Rpl11 expression was significantly increased by 4.6-
fold in old group at day 10 but was unchanged from baseline at this time point in 
the young group (Figure 9 C). These results are consistent with findings from a 
recent human study that found increases in lean mass were negatively correlated 
with expression of 30 ribosomal protein genes (75). 
Given the higher expression of ribosomal protein genes in old skeletal 
muscle in response to synergist ablation, we were curious to see what effect this 
might have on ribosome biogenesis.  We and others have reported that synergist 
ablation-induced muscle hypertrophy is associated with a significant increase in 
ribosome biogenesis (7, 58, 89).  To determine if ribosome biogenesis was altered 
in response to synergist ablation in old mice, we measured total RNA per unit of 
muscle mass at each time point; given that 85% of total RNA is ribosomal RNA 
(rRNA), total RNA per unit of tissue is considered a measurement of ribosome 
content.  There was no difference in the ribosome concentration of young and old  
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Figure 9.  Elevated expression of ribosomal protein genes in old animals, 
specifically Rpl11, following synergist ablation. A - Geometric mean 
expression of all differentially expressed ribosomal protein genes following 
synergist ablation.  B - Rpl11 increases earlier during mechanical overload in both 
young and old animals; however the aged animals maintain higher expression 
levels at the later time points following synergist ablation. C - RT-PCR validation 
demonstrating a significant increase in Rpl11 expression in old animals at SA10, 
which does not occur in young animals. † denotes a significant increase relative to 
sham; * denotes a significant age-effect (p<0.05). 
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sham plantaris muscle as total RNA per unit of muscle was the same between 
these two groups (Figure 10).  In response to synergist ablation, total RNA 
concentration of plantaris muscle of young mice significantly increased from day 5 
through day 14, with ~2.5-fold peak expression occurring at days 7 and 10 (Figure 
10).  In contrast, total RNA concentration of the plantaris muscle of old mice 
showed a modest ~50% increase at days 10 and 14 that was significantly less 
compared to young mice (Figure 10).  
The lower ribosome content of old plantaris muscle in response to synergist 
ablation might be caused by a failure to fully activate ribosomal DNA (rDNA) 
transcription in response to synergist ablation.  To determine if rDNA transcription 
was altered in old plantaris muscle, we measured pre-47S rRNA abundance in 
sham and after 3, 7 and 10 days of synergist ablation in both young and old mice.  
We chose to focus on these time points because day 3 was the last time point 
before total RNA concentration diverged between the two groups and days 7 and 
10 because it was when total RNA concentration peaked in the young group. There 
was no difference in pre-47S rRNA expression between young and old sham 
groups indicating that rDNA transcription at baseline was not affected by age 
(Figure 11 A).  Following three days of synergist ablation, there was a significant 
increase in pre-47S rRNA expression in both young and old groups, though the 
increase in the young group was significantly greater than in old (3-fold vs. 1.7-
fold, respectively).  Of note, the increased expression of pre-47S rRNA observed 
at day 3 in both groups preceded the increase in ribosome content as assessed 
by total RNA concentration (compare Figure 10 and 11 A).  At day 7, pre-47S rRNA  
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Figure 10. Increases in ribosomal content during hypertrophy is blunted in 
aged animals. Total RNA content, of which > 85% is ribosomal rRNA, showed an 
increase in response to mechanical over suggesting an increase in ribosomal 
biogenesis.  Conversely, old skeletal muscle demonstrated a compromised ability 
to increase total RNA content in response to synergist ablation.  Old animals 
demonstrated a delayed increase in RNA content, which only occurred at SA10 
and SA14.  Furthermore, at SA5 through SA14, RNA content was significantly 
lower in the old animals relative to the young animals.  † denotes a significant 
increase from sham; * denotes a significant age-effect at that time-point (p<0.05).  
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Figure 11. Increases in pre-47s and 28s rRNA levels during muscle 
hypertrophy are attenuated in old animals. A - Pre-47S rRNA expression levels, 
an indirect measurement of Pol I activity, increased in response to mechanical 
overload in young animals at SA3 and SA7, with old animals only showing a 
modest increase at SA3.  Furthermore, pre-47S levels were significantly higher in 
the young animals compared to the old animals at both SA3 and SA7. B - 28s 
rRNA increases in response to synergist ablation at SA3 through SA10 in young 
animals, while only increasing at SA10 in old animals.  28s expression was 
significantly attenuated at SA3 and SA7 in old animals † denotes a significant 
increase from Sham; * denotes a significant age-effect at that time-point (p<0.05).  
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expression in the young group remained significantly elevated by 3-fold whereas 
pre-47S rRNA expression returned to baseline level in the old group (Figure 11 A).   
Using the same model of hypertrophy as we did, Nader and colleagues also 
reported an increase in pre-47S expression after 3 days of synergist ablation 
which, in contrast to our findings, returned to baseline by day 7 (89).  In both 
studies, however, pre-47S expression paralleled the change in total RNA, further 
lending support to the idea that the rate of rDNA transcription dictates ribosomal 
biogenesis.  These results suggest that polymerase I (Pol I) activity is 
compromised in aged animals during hypertrophic growth, which may underlie an 
impaired ability in increase ribosomal biogenesis, potentially limiting growth. 
To determine if processing of pre-47S rRNA was altered in old muscle 
undergoing hypertrophy we measured the 28S rRNA expression.  There was no 
difference in 28S rRNA expression in young and old sham groups indicating that 
pre-47S processing was unaffected by age in resting skeletal muscle (Figure 11 
B).  In good agreement with pre-47S rRNA expression, 28S rRNA expression was 
significantly increased in response to synergist ablation at day 3, 7 and 10 in the 
young group; in contrast, 28S rRNA expression remained unchanged in the old 
group until day 10 (Figure 11 B). These findings suggest that rDNA transcription 
and processing had become uncoupled in old muscle during hypertrophic growth. 
Based on our findings, we present a novel notion that dysfunctional 
ribosomal biogenesis is the primary factor inhibiting muscle hypertrophy in aged 
animals.  We suggest that in young animals, the expression levels of the core 
components of mature ribosomes promotes a cellular environment which is 
 
47 
 
permissive for maximizing ribosomal biogenesis during muscle hypertrophy, which 
does not occur in aged animals.  Our findings showing impaired increase in total 
RNA, pre-47S levels and 28S rRNA content would suggest that the primary 
dysfunction is occurring at the levels of rRNA transcription and/or processing.  
Since the synergist ablation model of hypertrophy induces such a robust 
hypertrophic growth, it would be of interest to determine if ribosome biogenesis 
would be altered in a model that induced a more modest level of hypertrophy with 
age.    
Conclusion 
Results from the current study suggest that while age-dependent 
differences exist across in the transcriptome profile between young and old 
skeletal muscle during hypertrophy, the differences appear to be modest.  
Moreover, the response of individual genes to the mechanical overload resulting 
from synergist ablation appear to be conserved across age groups, with little 
evidence to suggest that large disparities in transcript levels or mis-expression are 
driving the impaired hypertrophic growth in aged animals.  Furthermore, it is 
important to factor in acute gene expression changes versus chronic changes, as 
we saw most of the changes occur early in the time-course.  Recently, Nader and 
colleagues challenged the idea of using acute gene expression changes in an 
effort to understand muscle hypertrophy, as most of these changes are not present 
following chronic overload (90).  These findings support the notion that attenuated 
translational output may be the primary factor governing the growth of skeletal 
muscle with age.  To this end, many studies have focused on examining the 
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translational efficacy of muscle and how this process is affected by age, but the 
role of age on translational capacity has been largely unexplored.  Moreover, 
studies indicate that even acute differences in protein synthesis, via increased 
translational efficacy, are not sufficient to predict the degree of muscle hypertrophy 
(91).  These findings further argue for an important role of ribosomal biogenesis in 
regulating chronic changes in muscle size.  By utilizing multiple time points during 
hypertrophic growth, our data indicate that translational capacity (i.e. ribosome 
biogenesis) is severely impaired in aged skeletal muscle and this appears to be at 
the level on rDNA transcription.  Currently the regulation of rDNA transcription in 
skeletal muscle is poorly understood, with the majority of studies simply focusing 
on activation of downstream components of the mTORC1 pathway as readout of 
ribosome biogenesis.  We propose that the regulation of ribosome biogenesis 
during muscle hypertrophy, in particular regulation of rDNA transcription, may 
provide additional insights into regulation of protein synthesis, particularly during 
aging. 
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Chapter 4: The effect of changes in cell size and DNA content on global 
transcription in mechanically-overloaded skeletal muscle fibers 
Contributions 
 Figures 12-13, 15-17,19, 22, 24-31 all data generated by TJK.  Figures 14, 
18, 20, 23 staining and image acquisition was done by TJK.  
Abstract 
Skeletal muscle cells are able to increase their size and DNA content during 
hypertrophic growth in response to mechanical overload.  Thus, myofibers provide 
a unique in vivo model to study how each of these processes alter global 
transcription.  We show that global transcription increased dramatically during the 
onset of growth in response to mechanical overload induced by synergist ablation.  
Following an increase in DNA content via myonuclear accretion, there was a 
decrease in global transcription that was associated with a lower 
nuclear:cytoplasmic ratio.    To directly assess how the change in DNA content 
with muscle growth   affects global transcription, we utilized the Pax7-DTA mouse 
strain to block myonuclear addition into the myofiber.  When nuclear accretion was 
blocked, we found that both the number of transcriptionally active myonuclei and 
the amount of RNA generated by each myonucleus was increased in the absence 
of nuclear accretion.  In contrast to what has been reported in other cell types, we 
found that smaller myofibers (<1000 µm2) demonstrated the highest transcriptional 
activity   indicating that cell size and global transcription had become uncoupled 
during hypertrophic growth.  Finally, we show that the expression of genes known 
to control global transcription, such as cMyc, parallels the increase observed in 
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RNA production.  Based on these findings, we propose that skeletal muscle has a 
distinct mechanism to regulate global transcription in response to increases in cell 
size or DNA content, and thus, provides a unique cell-type to study these 
phenomena under physiological conditions.   
Background 
Global transcription is tightly coupled to cell size (92-94). Similarly, protein 
content and RNA content appear to stay within narrow concentration across cell 
size (94, 95).   This is thought to maintain a concentration equilibrium that favors 
optimal biochemical reactions, despite the differences in cellular volume (93). 
Skeletal muscle is a highly plastic post-mitotic tissue that can undergo robust post-
natal hypertrophic growth.  As would be expected, much of this growth process is 
governed by increasing protein synthesis, as cells with the highest protein 
synthesis rates experience the greatest growth (59).  Currently it is unclear whether 
changes in global transcription may augment this increased protein synthesis, both 
through increased transcript abundance and increased ribosome biogenesis. 
Unlike RNA and protein content, DNA content does not scale with cell size 
(96).  Cells such as hepatocytes and neurons can become exceptionally large 
while still only containing one copy of the genome, which necessitates increased 
global transcription (97, 98).  Thus, transcriptional output per unit of DNA must 
occur in differing amounts across various cell sizes in order to generate a sufficient 
quantity of transcript for the cell.  Recent evident suggests that cells decrease 
transcriptional burst frequency to accommodate a change in gene dosage (93).   
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Skeletal muscle cells are large in size, yet consist of a multi-nucleated 
syncytium indicative of a vast transcriptional potential.  Little is known about how 
the global transcriptional demands are met by myonuclei during hypertrophic 
growth.  In myofibers, since multiple myonuclei occupy a shared cytoplasm, 
changes in global transcriptional output could be met by altering the transcriptional 
activity within either a subset, or the entire population, of myonuclei.  Under resting 
conditions, it appears as though transcription of specific transcripts occurs in a 
pulsatile nature within a subset of myonuclei (99), however, it remains to be 
determined whether this reflects global transcriptional dynamics.   
To add further complexity, myofibers can readily increase DNA content 
through the fusion of resident muscle stem cells, termed satellite cells.  It is well 
characterized that hypertrophic growth induced by mechanical overload results in 
nuclear accretion (7), yet it is unclear how transcriptional output is affected by this 
increase in gene dosage or why this process occurs.  One hypothesis is that this 
nuclear accretion must occur to increase transcription capacity in the cell and 
maintain a constant nuclear to cytoplasmic ratio (termed myonuclear domain), 
however, this process does not appear to be necessary to support myofiber growth 
(7, 39, 40).  It is generally thought that DNA content does limit cell size, so why 
nuclear accretion occurs in myofibers is an intriguing phenomenon.  We have 
shown that RNA content and growth in myofibers can persist in the absence of 
nuclear accretion (7), however the mechanism of how this occurs remains to be 
determined.   
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Recent evidence suggests that global transcription is modulated in 
mammalian cells in response to changes in cell size or genomic content (93). 
Therefore, myofibers represent a unique cell type to study global transcription 
changes in vivo in response to changes in cell size and DNA content.  This occurs 
through a physiological response to a growth stimulus and is independent of 
potentially confounding pathological processes.  To our knowledge, this is the first 
study to integrate both microscopic and transcriptome analysis to examine cell-
type specific transcriptional output in a heterogeneous tissue.  To accomplish this, 
we used 5-ethynyl uridine (EU), a modified uridine nucleotide, which allows for 
both temporal and spatial detection of newly synthesized RNA (100).  We pulsed 
animals with EU prior to sacrifice at multiple time points during hypertrophic 
growth, and demonstrated that myonuclei are the most transcriptionally active cell 
in skeletal muscle.  During muscle hypertrophy, transcription output was maximal 
during the early phase of growth, prior to any significant changes in total RNA or 
nuclear accretion, with transcription output being driven by an increase within a 
subset of myonuclei. In the absence of nuclear accretion, it appears that residing 
myonuclei maintain a higher transcriptional output to compensate and maintain 
global transcription.  Finally, global transcription is uncoupled from cell size in 
hypertrophying myofibers, suggesting the possibility of a unique mechanism that 
drives global transcription, and subsequent growth, in small myofibers.      
Methods 
Mice 
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All animal procedures were conducted in accordance with institutional 
guidelines for the care and use of laboratory animals, as approved by the 
Institutional Animal Care and Use Committee of the University of Kentucky.  For 
initial time course experiments, male and female C57BL/6J mice ~5 months (The 
Jackson Laboratory, Bar Harbor, ME) were housed in a temperature- and humidity-
controlled room and maintained on a 14:10 hour light: dark cycle with food and 
water ad libitum.  For experiments looking at effect of nuclear accretion, male and 
female Pax7-DTA mice were used and have been previously described (3, 6, 7).  
Briefly, these mice allow for the inducible and specific depletion of satellite cells in 
adulthood upon administration of tamoxifen.  At four months of age, Pax7-DTA 
mice were administered by intraperitoneal injection either vehicle (15% ethanol in 
sunflower seed oil) or tamoxifen (2 mg/d) for 5 consecutive days followed by a two-
week washout period prior to surgery.      
Mice were subjected to bilateral synergist ablation surgery to induce 
hypertrophy of the plantaris muscle as previously described in detail (80).  Briefly, 
following anesthetization with a mixture of 95% oxygen and 5% isoflurane gas, the 
soleus and majority of the gastrocnemius muscles were surgically removed via an 
incision of the hindlimb.  Particular attention was made to ensure neural and 
vascular supply remained intact and undamaged for the remaining plantaris 
muscle.  Sham surgery controls for day zero involved similar procedures without 
gastrocnemius and soleus muscle excision.  Following recovery from surgery, mice 
were anesthetized at the designated time point by an intraperitoneal injection of 
ketamine (100 mg •kg−1) and xylazine (10 mg •kg−1) and plantaris muscles were 
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excised and weighed.  Tissue used for RNA was flash frozen in liquid nitrogen and 
stored at -80°C until further use. Tissue used for microscopy was pinned to a cork 
block at resting length, covered with a thin layer of Tissue Tek optimal cutting 
temperature (OCT) compound (Sakura Finetek, Torrance, CA, USA), and then 
quickly frozen in liquid nitrogen-cooled isopentane and stored at -80°C until 
sectioning.  For time course experiments, plantaris muscle was collected at 3, 7, 
and 14 days after the surgery (SA3, SA7, and SA14, respectively; n = 5 per time 
point).  Control plantaris muscle (n=5) was collected from mice subjected to a sham 
synergist ablation surgery at each of the time points (Sham).  For nuclear accretion 
experiments, plantaris was collected 14 days after surgery (N=6).  Following 
collection of the plantaris muscle, mice were euthanized by cervical dislocation 
under anesthesia. 
Nascent RNA Labeling 
For nascent RNA visualization and expression experiments, mice were 
given an intraperitoneal injection of 2 mg of 5-ethynyl uridine (EU; Jena 
Biosciences, Jena, Germany) suspended in sterile phosphate-buffered saline five 
hours prior to sacrifice.  Five hours was chosen after it was determined that pulse 
period allows for maximal visual detection of nascent RNA within the nucleus in 
both sham and overloaded skeletal muscle (Figure 12).  EU is a uridine analog 
which is incorporated specifically into newly synthesized RNA (100).  Each EU 
molecule has been modified to contain an alkyne group which can then be used 
for detection with molecules containing an azide group via copper-mediated “click” 
chemistry.     
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Figure 12. A 5-hour EU pulse allows for optimal visualization of newly labeled 
RNA in nuclei. Animals were pulsed with 2mg of 5-ethynyl-uridine (EU) either 1, 
5, 8 or 12 hours prior to sacrifice (Panels A, B, C, D, respectively) 
 
 
 
 
 
 
 
 
 
 
56 
 
Microscopy 
Frozen tissue was sectioned (7 µm), air dried for approximately 20 minutes 
and then immediately fixed in 4% paraformaldehyde.  For EU-RNA detection, 
sections were incubated in a solution containing Tris Base (100 mM), copper(II) 
sulfate (4 mM), biotin-conjugated azide (100µm) (Jena Bioscience, Germany) and 
ascorbic acid (100 mM) for 30 minutes at room temperature, washed, and then  
repeated.  Sections were then incubated in Texas Red Streptavidin (1:150) (Vector 
Labs, Burlingame, CA) for 60 minutes at room temperature.  Sections were post-
fixed in 4% PFA, blocked in 1% BSA for one hour and then incubated with an anti-
laminin antibody (1:100) (Sigma-Aldrich, St. Louis, MO) overnight at 4°C. Sections 
were washed and laminin was visualized with Alexa Fluor® 488 goat anti-rabbit 
secondary (1:500) (Invitrogen, Carlsbad, CA) and counterstained with DAPI.  For 
Histine 3 Lysine 9 acetylation (H3K9ac), sections were air dried for 1 hour, fixed in 
4% paraformaldehyde, blocked using 1% BSA and incubated in primary antibody 
(ab10812, Abcam, Cambridge, MA) overnight 4°C using a 1:500 dilution in 1% 
BSA. H3K9ac was visualized using Alexa Fluor® 594 chicken anti-rabbit 
secondary (1:500) (Invitrogen, Carlsbad, CA).  Sections were washed and stained 
with laminin and DAPI as described above.    
Single Fiber Isolation 
After careful removal of the other plantar flexor muscles, plantaris muscle  
was left on the tibia and fixed in situ at resting length in 4% paraformaldehyde for 
48 h. Single fibers were isolated using a previously described method (43). Briefly, 
following a 2h 40% NaOH digestion, single fibers were mechanically teased apart, 
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strained, and washed with PBS before being stained with DAPI for nuclear 
visualization. Suspended fibers were dispersed on a slide and mounted with 
Vectashield fluorescent mounting media (Vector Laboratories).  
Image Acquisition and Quantification 
Images were acquired using a Zeiss upright microscope (AxioImager M1; 
Carl Zeiss, Oberkochen, Germany) at 20x magnification, and analysis was carried 
out using the AxioVision Rel 4.8 software (Zeiss).  During image acquisition of EU-
RNA and H3K9ac, careful consideration was taken to select an exposure that 
maximized the linear range of the camera without producing overexposure.  EU-
RNA and H3K9ac- positive staining was determined by thresholding a lower 
density cutoff which was then maintained for all images analyzed.  An integrated 
density value for each EU-RNA and H3K9ac-positive area was calculated using 
the following formula: 
 
Integrated Density = (Mean Density x Area) – (Background Density x Area) 
 
Densities across different exposure times was normalized taking into account the 
dark pixel intensity (101).  EU-RNA- and H3K9ac-positive nuclei were considered 
to be from myogenic cells if they fell inside the laminin stained border of a myofiber, 
or non-myogenic if they fell outside the laminin border, in both cases demonstrating 
co-localization with DAPI.    Nuclei which did not contain an EU-RNA or H3K9ac-
positive area were manually counted.   
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For single fiber analyses, a minimum of 15 fibers from each animal were 
used to determine myonuclear domain. Nuclei from each fiber were counted by z-
stack analysis to determine the number of myonuclei within a defined fiber 
segment.  Myonuclear domain is defined as the amount of cytoplasm per 
myonucleus and was calculated by multiplying π × one-half the fiber width (radius) 
2 × length of the measured fiber segment, to give a fiber segment volume (μm3), 
which was then divided by the total number of myonuclei within the segment to 
generate the myonuclear domain.  A subset of the animals in the SA14 group have 
been published previously (7).  
Cell-size Global Transcription Analysis 
Myofiber cross-sectional area was quantified on the same images which 
contained the EU-RNA quantification.  Cross-sectional area was determined using 
automated segmentation of the myofiber by selecting an intensity threshold below 
that of the laminin fluorescent single.  A relative fiber frequency based on cross-
sectional area was generated for each animal.  Based on the inherent variability 
between the cross-sectional area on male and female mice, the cross sectional 
area of male mice was normalized using a correction factor (0.779) derived from a 
large cohort of control mice (N=24 Female and N=24 Male) from previous studies 
(3, 7) and unpublished data. 
To determine differences in cell size on transcriptional output, data from the 
cross-sectional analyses and EU-RNA analyses were aligned.  Only myofibers 
which contained an EU-RNA-positive area were included in the analyses.  If a 
single myofiber contained multiple EU-RNA labels (i.e. multiple nuclei), the EU-
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RNA data was summed to give a total amount of EU-RNA for each fiber.  An 
average of ~198 myofibers were quantified per animal with a range of 97-347 
fibers.  For each animal, each EU-RNA quantity was normalized to the geometric 
mean of all EU-RNA quantities.  This was performed to facilitate comparisons 
across animals with different overall labeling intensities, since the primary objective 
was determining how variation in cell size affected EU-RNA levels within each 
animal.  
Nascent RNA Affinity Purification and cDNA Synthesis 
Total RNA was isolated from plantaris muscle using TRIzol reagent 
(Invitrogen, Carlsbad, CA) according to the manufacturer’s directions.  RNA 
samples were treated with TURBO DNase (Ambion, Austin, TX) to remove 
genomic DNA contamination. Total RNA concentration and purity was assessed 
by measuring the optical density (230, 260 and 280 nm) with a Nanodrop 1000 
Spectrophotometer (ThermoFisher Scientific, Wilmington, DE). Nascent RNA was 
affinity-purified from 4.5 µg of total RNA using the commercially available Click-
iT® Nascent RNA Capture Kit (Life Technologies, Carlsbad, CA).  cDNA was 
generated from 500 ng of total RNA and all EU affinity-purified RNA using the 
SuperScript® VILO™ cDNA Synthesis Kit (Life Technologies). 
Cell-type specific transcript analysis 
Quantitative PCR (qPCR) was performed using cDNA generated from both 
total and nascent RNA for cell-type specific transcripts.  In order to minimize the 
effect of differences in transcript half-life affecting enrichment analyses, cell-type 
specific transcripts were selected based on a narrow range of half-lives (102).  
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“Short-lived” transcripts had a half-life of between 4~6.5 hours, while “intermediate-
lived” transcripts had a half-life between 16~18 hours.   “Short-lived” cell-type 
specific transcripts included muscle RING-finger protein-1 (Murf1 or Trim63; 
myofiber), paired box 7 (Pax7; satellite cells), EGF-like module-containing mucin-
like hormone receptor-like 1 (Emr1 or F4/80; Macrophages), transcription factor 4 
(Tcf4; fibroblasts) and endothelial-specific receptor tyrosine kinase (Tek or Tie2; 
endothelial cells).  “Intermediate-lived” (~16-18 hour half-life) cell-type specific 
transcripts included gamma-sarcoglycan (Scgc; myofiber), colony stimulating 
factor 2 receptor, alpha, low-affinity (granulocyte-macrophage) (Csf2ra; 
Macrophages), collagen, type III, alpha 1 (Col3a1; fibroblasts) and 
platelet/endothelial cell adhesion molecule 1 (CD31 or Pecam1; endothelial cells).  
The limited number and low expression of satellite cell specific genes precluded 
detection of an “intermediate-lived” transcript. Cycle threshold (Ct) were 
determined with KiCqStart qPCR ReadyMix (Sigma, KCQS07) using 5 μl of diluted 
cDNA (1/20 dilution from stock cDNA mixture). qPCR was performed using an ABI 
7900HT Fast RT-PCR system (Invitrogen) and Ct was determined using ABI 
7900HT Sequence Detection Systems software version 2.3. Absolute 
quantification was achieved by exponential conversion of the Ct using the qPCR 
efficiency. qPCR efficiency was estimated from standard curves obtained by serial 
dilutions (1-log range) of a pooled sample for each RT set. Relative expression for 
each target gene was determined using the relative standard curve method where 
absolute values are generated for both the gene of interest and the housekeeping 
gene prior to normalization.  Relative expression for each transcript was generated 
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for each mRNA of interest using the geometric mean of four housekeeping genes 
(Rn7sk, Gapdh, Tmx4 and Capzb).  These genes were selected based on showing 
minimal changes in response to this experimental model of hypertrophy (79).  
Nascent RNA enrichment for each sample was calculated by comparing the fold-
difference between nascent RNA expression to total RNA expression.   
Transcript Stability Assessment 
 For these experiments, we measured the expression of myelocytomatosis 
oncogene (cMyc), myostatin (Mstn), F-box protein 32 (Mafbx, Fbxo32, atrogin-1) 
and insulin-like growth factor 1 (Igf1) by qPCR  as described above.  Transcript 
stability for each gene was determined by generating a ratio between the  nascent 
RNA expression to  total RNA expression (Nascent RNA:Total RNA).  All 
comparisons were made relative to the ratio found under Sham condition. If the 
Nascent RNA:Total RNA decreased this would indicate that less mRNA is actively 
being transcribed relative to the total RNA fraction, indicating an increase in 
transcript stability. Conversely, if the Nascent RNA:Total RNA increased this would 
indicate that more mRNA is actively being transcribed relative to the total RNA 
fraction, indicating a decrease in transcript stability.       
Statistical Analyses 
 Data was analyzed using either a two-way or one-way analysis of variance 
(ANOVA) where applicable with Tukey’s post-hoc analysis.  In cases of non-normal 
distribution, data was log-transformed.  For all analysis significant was set at p < 
0.05.  Data is presented at mean ± SEM.  
Results 
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Myogenic cells predominate the global transcriptional output during muscle 
hypertrophy 
As expected, mechanical overload of the plantaris induced by synergist 
ablation resulted in a progressive increase in muscle mass, which was 
accompanied by a robust increase in total RNA per unit of tissue (Figure 13).  
Newly synthesized RNA which had incorporated the EU nucleotide (EU-RNA) was 
visualized on whole cross-sections, using a laminin antibody to define the myofiber 
membrane.  Using a 5 hour pulse, the EU-RNA was extensively localized within 
the nucleus, which allowed for quantification of nuclei that were stained positive 
for EU-RNA (Figure 14 A).  Interestingly, irrespective of the time point, the vast 
majority (~92-96%) of nuclei that contained EU-RNA were located within the 
myofiber, thus having been produced by myogenic cells (Figure 14 B).  Therefore, 
administration of EU readily allows for quantification of nascent RNA production by 
myofibers, in vivo.   
Nascent RNA Labeling Enriches for Muscle-specific Transcripts 
Despite the limited labeling for EU-RNA in non-muscle cells, one possibility 
could be that the RNA production in those cells is much lower than in myofiber, 
and thus, may fall below the level required for fluorescent detection.  Therefore, in 
a complementary approach to the microscopic analyses, we affinity-purified the 
labeled nascent RNA and performed qPCR for cell-type specific transcripts and 
compared the expression profile to the profile obtained from the total RNA pool.  
We focused on the major cells types that comprise skeletal muscle, including 
myofibers, satellite cells, fibroblasts, endothelial cells and macrophages.  Our  
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Figure 13. Synergist ablation results in a progressive increase in plantaris 
mass and RNA content. A - Plantaris muscle mass normalized to the body 
weight of the animal.  * denotes significant difference between SA7 and SA14 
compared to Sham. † denotes significant difference between SA14 relative to 
SA3. (p < 0.05 and n=5-7 per time point). B - RNA abundance within the muscle 
tissue normalized to tissue weight. * denotes significant difference compared to 
Sham (p < 0.05 and n=5-7 per time point) 
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Figure 14. Myogenic cells predominate global RNA synthesis during 
hypertrophic growth of skeletal muscle. Animals were pulsed with 2mg of 5-
ethynyl-uridine 5 hours prior to sacrifice.  This protocol enriched for nascent RNA 
(EU-RNA) labeling within myogenic cells. A - Red arrows identify myogenic nuclei 
identified by their location within the laminin stain surrounding the myofiber.  White 
arrow identifies a non-myogenic cell outside the laminin stain of the myofiber.  
Scale bar - 50 μm.  B - Quantification of the percentage of either myogenic or non-
myogenic nuclei that stain positive for EU-RNA during mechanical overload of 
skeletal muscle. * denotes a significantly greater percentage of EU-RNA positive 
nuclei in myogenic cells compared to non-myogenic cells (p < 0.05) (n=5 animals 
per time point) 
 
 
65 
 
 
microscopic data suggest that the relative proportion of myogenic to mon-
myogenic cells did not change during hypertrophic growth, therefore, we focused 
the analysis on the sham condition.  In order to minimize the effect of transcript 
half-life, we selected cell-specific transcripts that had comparable half-lives and 
characterized them as either “short-lived” or “intermediate-lived”.  As would be 
expected based on their half-lives, the nascent RNA pool was enriched for “short- 
lived” transcripts.  Moreover, this enrichment occurred to a significantly greater 
extent for myofiber-specific transcript Murf1 compared to all other cell types (Figure 
15 A), which remained enriched during hypertrophic growth (Figure 16).  In 
agreement with the “short-lived” transcripts, the “intermediate-lived” myofiber-
specific transcript Sgcg demonstrated significant enrichment relative to all other 
cell-types (Figure 15 B).  The macrophage-specific transcript Csf2ra also 
demonstrated significant enrichment compared to Col3a1 and CD31, fibroblast 
and endothelial markers, respectively.   
EU-RNA has been readily detected in other non-myogenic cells   using this 
pulse period (Figure 17 and (100)), thus it’s unlikely that non-myogenic cells are 
simply not up taking the EU analog.  These findings would suggest that either 
temporal rate of transcription or the total amount of RNA synthesized is 
significantly lower in non-muscle cells, both under resting conditions, and during 
periods of hypertrophic growth.  Collectively, both microscopic and gene 
expression analyses suggest metabolic labeling of nascent RNA in skeletal muscle  
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Figure 15. Nascent RNA is enriched for muscle-specific transcripts.  Nascent 
RNA was affinity-purified from total RNA and both fractions were used to determine 
relative enrichment for cell-type-specific gene expression levels under Sham 
conditions.  A - Enrichment for “short-lived” (~4-6h) cell-type-specific markers. 
Murf1 (muscle cell) was significantly enriched relative to Tcf4 (fibroblast cell), Tie2 
(endothelial cell), Pax7 (satellite cell) and Emr1 (macrophage cell). * denotes 
significantly greater enrichment compared to all other genes. B - Enrichment for 
“intermediate-lived” (12-18h) cell-type-specific markers. Scgc (muscle cell) was 
significantly enriched relative to Col3a1 (fibroblast cell), CD31 (endothelial cell) 
and Csf2ra (macrophage cell). * denotes significantly greater enrichment 
compared to all other markers † denotes significant enrichment relative to Col3a1 
and CD31. (p < 0.05 and n=5) 
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Figure 16. Significant enrichment for Murf1 is retained during hypertrophic 
growth. Murf1 (muscle cell) was significantly enriched relative to Tcf4 (fibroblast 
cell), Tie2 (endothelial cell), Pax7 (satellite cell) and Emr1 (macrophage cell) at 
SA3 (A), SA7 (B) and SA14 (C). * denotes significantly greater enrichment 
compared to all other markers. (p < 0.05 and n=5) 
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Figure 17.  EU Labeling is heterogeneous within the intestine. Animals were 
pulsed with 2 mg of 5-ethynyl-uridine (EU) 5 hr prior to sacrifice. 
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enriches for transcripts produced within the myofiber.  Thus, we utilized this 
enrichment to assess changes in global transcription within myofibers during 
overload-induced hypertrophy.      
Increased global transcription is due to the amount of transcription of individual 
myonuclei, rather than the number of transcriptionally-active myonuclei 
Skeletal muscle is a unique tissue with regards to DNA content, as muscle 
fibers are multinucleated, and can further add nuclei during post-natal growth.  In 
order to address whether the global increase in RNA content that we observe 
during hypertrophy is simply due to an increase in the number of myonuclei that 
are transcriptionally active, we quantified the number of EU-RNA-positive 
myonuclei during overload-induced hypertrophy (Figure 18 A).  Interestingly, while 
subtle changes occurred in the percent of EU-RNA-positive myonuclei across the 
time course (Figure 18 B), these changes would appear to be insufficient to support 
the large increases in RNA content observed in this model.  Surprisingly, the 
percent of EU-RNA-positive nuclei at SA14 was actually lower compared to the 
sham and SA3 time points.   Since the increase in total RNA content was not driven 
by an increase in the number of active myonuclei, we used image analysis to 
quantify the amount of EU-RNA at each time point.  Using this approach, we 
observed a robust increase in global transcription at SA3 (~638%) compared to all 
other time points measured (Figure 18 C).  This large burst in transcription 
precedes any significant increase in total RNA or muscle weight (Figure 13), 
suggesting that the significant increase in global transcription observed at SA3 is 
required for the subsequent hypertrophic growth of the myofiber.   
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Figure 18. Increased transcriptional demand is met by amplified 
transcription within individual myonuclei, rather than an increase in the 
number of active myonuclei. EU-RNA within myonuclei was quantified on 
muscle cross-sections at various time points following mechanical overload. A - 
Representative image for EU-RNA labeling during mechanical overload. Scale Bar 
- 50 μm. B - Quantification of the percent of myonuclei that stained positive for EU-
RNA during mechanical overload. * denotes a significantly higher percentage of 
EU-RNA positive nuclei at Sham and SA3 time points relative to SA14 (p < 0.05 
and n=5-6 per time point). C - Quantification of the integrated density of EU-RNA 
labeling per myofiber during mechanical overload. * denotes a significantly higher 
integrated density of EU-RNA at the SA3 time point relative to all other time points. 
(p < 0.05 and n=5-6 per time point) 
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In an effort to elucidate whether the change in transcriptional activity were 
a result of increased gene activation within myonuclei, we quantified H3K9ac 
immunofluorescence, a well-established histone modification indicative of active 
gene transcription (Figure 19).  Consistent with the EU-RNA labeling results, the 
number of myonuclei that stained positive for H3K9ac did not change during 
myofiber hypertrophy (Figure 20 B), providing further supporting for the finding that 
the number of transcriptionally-active myonuclei does not change during 
hypertrophic growth.  However, the level of H3K9ac staining intensity increased 
dramatically in myonuclei during hypertrophy (Figure 20 A).  Moreover, the change 
in H3K9ac staining intensity paralleled the change in global transcription, 
suggesting that increased gene activity may be facilitating the changes observed 
in global transcription.  
Nuclear accretion decreases the myonuclear domain thereby reducing the 
myonuclear transcriptional output 
We have previously reported that this model of mechanical overload 
induces myonuclear accretion in the myofiber through the fusion of satellite cells 
(7).  Thus, perhaps the reduced transcriptional activity observed at SA14 was the 
result of an increase in myonuclear content, potentially altering the myonuclear 
domain.  To determine the effect of myonuclear accretion on the myonuclear 
domain, we isolated single fibers at Sham and SA14 time points (Figure 21 A).  
Intriguingly,   the magnitude of myonuclear accretion was greater than the   
increase in myofiber size, thus resulting in a smaller myonuclear domain at SA14  
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Figure 19. Representative image of H3K9ac staining on muscle cross-
sections. Scale Bar - 50 μm 
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Figure 20.  Increased global transcription is associated with increased 
H3K9ac labeling intensity in myonuclei. H3K9ac staining within myonuclei was 
quantified on muscle cross-sections at various time points following mechanical 
overload. A - Quantification of the integrated density of H3K9ac labeling per 
myonucleus during mechanical overload. * denotes a significantly higher 
integrated density of H3K9ac labeling at the SA3 and SA7 time point relative to 
Sham. (p<0.05 and N=3-4 per time point) B - Quantification of the percent of 
myonuclei that stained positive for H3K9ac during mechanical overload. There was 
no significant change in the percent of H3K9ac staining (p < 0.05 and n=3-4 per 
time point). 
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Figure 21. Nuclear accretion induced by mechanical overload results in 
decrease in the myonuclear domain. Isolated single fibers were used to 
determine the myonuclear domain after myonuclear accretion in vehicle-treated 
animals. A - Representative image of an isolated single fiber stained with DAPI. 
Scale bar - 50 µm B - The myonuclear domain decreased after myonuclear 
accretion induced by mechanical overload. * denotes significantly different than 
sham (p < 0.05 and n=4-10) 
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(Figure 21 B).   Therefore, to directly test whether this myonuclear accretion 
contributed to the reduced transcriptional output observed at SA14, we inhibited 
myonuclear accretion via the conditional-depletion of satellite cells using the 
previously described Pax7-DTA mouse strain (7).  As previously reported, 
administration of tamoxifen depleted the satellite cell pool by ~90% (Figure 22 A-
C), resulting in significantly less myonuclei after 14 days of mechanical-overload 
(Figure 22 D). 
 The absence of myonuclear accretion in the satellite-cell depleted animals 
resulted in a significantly greater percent of myonuclei staining positive for EU-
RNA (Figure 23 A-B), while at the same time generating more EU-RNA per 
myofiber (Figure 23 C).  Thus,   resident myonuclei actively modulate their 
transcriptional output to accommodate changes in myonuclear number, and in the 
absence of this process, are capable of maintaining an elevated transcriptional 
output  thereby insuring comparable global RNA levels (7). 
Temporal labeling of nascent RNA reveals potential post-transcriptional regulation 
of genes regulating global transcriptional output 
Based on in vivo imaging of nascent RNA, it appears that global 
transcription is dramatically upregulated early during muscle hypertrophy. First, we 
wanted to take advantage of the enrichment for nascent RNA produced within the 
myofiber to try and identify gene expression changes potentially governing this 
increase in global transcription.  Second, the metabolic labeling of nascent RNA 
allows identification of whether these changes are occurring through 
transcriptional and/or post-transcriptional mechanisms.   Two well-characterized  
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Figure 22. Characterization of Pax7-DTA mice. Pax7-DTA were treated with 
tamoxifen, or a vehicle control, to conditionally deplete satellite cells in skeletal 
muscle.  A – Representative image of Pax7 immunohistochemistry in the plantaris 
muscle of vehicle- and tamoxifen-treated animals. Scale bar – 50 µm. B – Effective 
depletion of satellite cells following administration of tamoxifen. C – Depletion of 
satellite cells significantly reduced myonuclear content following mechanical 
overload. For B and C, * denotes significant difference between vehicle and 
tamoxifen animals. (p < 0.05 and n=6-7) 
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Figure 23. Myonuclei modulate transcriptional output to accommodate 
nuclear accretion.  Myonuclear accretion was inhibited by the specific and 
conditional depletion of satellite cells using the Pax7-DTA mouse strain.  Satellite 
cells are depleted upon the administration of tamoxifen.  A - Representative image 
of EU-RNA intensity either with (vehicle) or without (tamoxifen) myonuclear 
accretion. B - Increased number of EU-RNA positive myonuclei in the absence of 
nuclear accretion. C - Increased EU-RNA per myofiber in the absence of 
myonuclear accretion. For D and E * denotes significantly difference between 
vehicle- and tamoxifen-treated animals (p < 0.05 and n=6-7) 
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pathways that have been shown to regulate muscle hypertrophy are the 
mammalian target of rapamycin 1 (mTORC1) and Wnt/-catenin pathways (58, 
103).  Downstream targets of these two pathways have been shown to regulate 
global transcriptional output and/or rRNA transcription (104-106).  Taking a 
candidate approach, we selected genes known to regulate these pathways that 
respond (either up- or down-regulated) using the synergist ablation model of 
skeletal muscle hypertrophy, including cMyc, Mstn, Mafbx and Igf1.        
As expected, cMyc was substantially upregulated in both the total and 
nascent RNA fractions (~282% and ~310%, respectively) at SA3, remaining 
upregulated through SA7 only in the total RNA fraction (Figure 24 A).  Moreover, 
the increased expression observed at SA7 appears to be partially modulated by 
increased transcript stability, with this increased stability persisting through SA14 
(Figure 24 B).  Concurrently, Mstn was rapidly downregulated in both RNA 
fractions following mechanical overload (Figure 24 C), which appears to be 
partially tempered by a decrease in transcript stability at SA7 (Figure 24 D).  
Similarly, Mafbx expressed was drastically downregulated during mechanical 
overload with no significant change to transcript stability (Figure 25 A-B).  Finally, 
as expected Igf1 expression increased in response to mechanical overload, 
however, this increase did not appear to be due to any observable change to 
transcript stability and followed a much different temporal pattern compared to the 
other genes (Figure 26 A-B).         
Since the vast majority of all synthesized RNA is rRNA, perhaps the large 
increase in EU-labeled RNA is indicative of a large upregulation of rRNA  
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Figure 24. Nascent RNA labeling reveals altered post-transcriptional 
stabilization of genes involved in regulating global transcription, cMyc and 
Mstn. Nascent RNA was affinity-purified from total RNA and both fractions were 
used to determine changes in transcript levels and transcript stability in response 
to mechanical overload.  A decrease in the nascent RNA:total RNA indicates an 
increase in transcript stability, while an increase in the nascent RNA:total RNA 
indicates a decrease in transcript stability.  cMyc: A - cMyc transcript shows 
increased expression during mechanical overload. † denotes a significant increase 
within the respective RNA fraction relative to Sham conditions. B - cMyc transcript 
stability is  increased  at SA7 and SA14 relative to Sham. * denotes significant 
difference from Sham. Mstn: C - Mstn transcript shows decreased expression 
during mechanical overload. † denotes a significant decrease within the respective 
RNA fraction relative to Sham conditions. D - Mstn transcript stability is decreased 
at SA7 relative to Sham. * denotes significant difference from Sham. 
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Figure 25. Decreased expression of Mafbx and increased expression of pre-
47s rRNA. Nascent RNA was affinity-purified from total RNA and both fractions 
were used to determine changes in transcript levels and transcript stability in 
response to mechanical overload.  A decrease in the nascent RNA:total RNA 
indicates an increase in transcript stability, while an increase in the nascent 
RNA:total RNA indicates a decrease in transcript stability. A - Mafbx transcript 
shows decreased expression during mechanical overload. † denotes a significant 
decrease within the respective RNA fraction relative to Sham conditions. B - No 
significant change to Mafbx transcript stability during mechanical overload. C - 
Nascent RNA is enriched for rRNA pre-47S which increased at SA3 in response 
to mechanical overload.  † denotes a significant increase within the respective 
RNA fraction relative to Sham conditions. (p < 0.05 and n=5 per time point for all 
genes) 
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Figure 26. Igf1 expression increased with mechanical overload, but follows 
a distinct temporal pattern.  A – Igf1 expression following mechanical overload. 
† denotes a significant increase within the respective RNA fraction relative to Sham 
conditions. (p < 0.05 and n=5 per time point)   B – No significant change in Igf1 
transcript stability in response to mechanical overload. 
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transcription through increased Polymerase I (Pol I) activity.  Furthermore, both 
cMyc and Mstn have been shown to directly or indirectly regulate Pol I activity (107, 
108).  As expected, nascent RNA was significantly enriched for pre-47s rRNA 
(Figure 25 C). Moreover, consistent with the large increase in EU-RNA observed 
at SA3, as well as the largest changes in cMyc and Mstn expression, pre-47s rRNA 
expression was significantly higher at SA3 relative to all other time points.  These 
findings  suggest that ribosomal biogenesis is primarily upregulated at SA3 in 
myofibers, thereby contributing to the accumulation of newly formed ribosomes 
that is reflected in the significant increase in total RNA content observed at SA7 
and SA14 (Figure 13).    
Global transcription and cell size is uncoupled during myofiber growth 
 Finally, recent evidence suggests that global transcription is tightly coupled 
to cell size, therefore, we sought to determine whether changes in cell size may 
be driving the increase in global transcriptional observed at SA3, despite no 
significant change in muscle wet weight.  Based on average cross-sectional area 
of the myofiber, cell size was only significantly increased at SA7 (Figure 27) with 
average cross-sectional area actually regressing by SA14.  Fibers were binned 
based on their size to determine how fiber cross-sectional area changed during 
overload-induced hypertrophy (Figure 28).   Based on the relative frequency of 
fiber cross-sectional area, it appears the most pronounced growth occurred in the 
small myofibers (<1000 µm), with a large decrease in the frequency of these fibers 
by SA7.  Intriguingly, the frequency of larger fibers (>2000 µm) progressively 
increased through SA7, but then decreased by SA14 concomitant with an increase  
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Figure 27. Average cross-sectional area only increases at SA7. Myofiber 
average cross-sectional area was determined using automated segmentation of 
the myofiber basement membrane using laminin immunohistochemistry.  * 
denotes significant difference between Sham and SA7 cross-sectional area. 
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Figure 28. Changes in relative frequency of fiber cross-sectional during 
muscle hypertrophy. Fibers were binned based on their average cross-
sectional area to determine how the relative distribution of fiber size changes 
during muscle hypertrophy.  Mechanical overload results in a rightward shift in 
the relative frequency of large fibers (>2000 μm) at SA7, which then regresses to 
more intermediate sized fibers at SA14 (750-1250 μm) (n=5-6 per time point) 
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in the frequency of intermediate fibers suggesting that possibly fiber splitting may 
be taking place in these large fibers.  Based on the rapid growth of the smaller 
myofibers, we assessed global transcription based on the size of the cell 
(<1000µm, 1000-2000µm and >2000µm) to determine whether global transcription 
was preferentially occurring in these smaller fibers.  Importantly, under sham 
conditions, there was no difference in the amount of EU-RNA produced in 
myofibers of different sizes (Figure 29 A-B). This suggests that EU-RNA is not 
simple more concentrated in smaller cells due to less diffusion, which could 
artificially increase staining intensity in those cells.  In contrast to what was 
observed under Sham condition, global transcription was greatly increased in 
myofibers of all sizes, but the greatest increase occurred  in the smallest myofibers  
(< 1000 µm) (Figure 30 A-B).  Furthermore, a greater proportion of myonuclei in 
small fibers stained positive for EU-RNA at SA3 relative to Sham (Figure 31 A-B).  
These findings suggest that in hypertrophying myofibers, global transcription is 
uncoupled from cell size and may be augmenting the growth process.    
Discussion 
Muscle cells can readily increase cellular volume and DNA content in 
response to a growth stimulus.  It is not clear how the cell modulates global 
transcription during these fundamental biological processes, as muscle cells form 
a multinucleated syncytium.    In response to mechanical overload, myonuclei 
possess the intrinsic ability to dramatically increase their global transcriptional 
output, without altering the relative proportion of active myonuclei.  Global 
transcription is then reduced as nuclei are added to the myofiber, decreasing the  
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Figure 29. Global transcription is independent of cell size under Sham 
conditions.  Myofibers were binned based on their cross-sectional area to 
determine the effect of cell-size on EU-RNA integrated density levels.  A -  
Representative image of EU-RNA labeling intensity under Sham conditions. Scale 
bar – 50 µm. B - No significant change in EU-RNA per fiber with changes in cell 
size. 
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Figure 30. Increased global transcription preferentially occurs in small 
myofibers during hypertrophic growth.  Myofibers were binned based on their 
cross-sectional area to determine the effect of cell-size on EU-RNA integrated 
density levels. A - Representative image showing higher EU-RNA labeling in small 
myofibers.  Yellow/red arrow indicates a cell <1000 µm and green/red arrow 
indicates cell >2000 µM.  Note the difference in EU-RNA staining intensity in the 
fibers <1000 µm. Scale Bar - 50 μm. B - Progressive decrease in EU-RNA 
integrated density with increasing cell size. * denotes significant difference 
between cell sizes (n=5 for each cell size bin). 
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Figure 31. The cross-sectional area for fibers containing EU-RNA positive 
nuclei changes during the onset of mechanical overload. Relative cross-
sectional area frequency for all myofibers measured versus the relative cross-
sectional area for the fibers that contained an EU-RNA positive nucleus.  A  –
Under Sham conditions there is a rightward shift towards larger fibers.  This 
indicates that a greater frequency of larger myofibers contained an EU-RNA 
positive nucleus at this time point. B -  At SA3 there is a leftward shift towards 
smaller fibers.  This indicates that a greater frequency of smaller myofibers 
contained an EU-RNA positive myonucleus at this time point. 
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myonuclear domain.   Interestingly, global transcription increased to a greater 
extent in the smaller myofibers, possibly as a permissive mechanism to increase 
protein synthesis and facilitate the rapid hypertrophy observed in cells of this size 
(59).  These findings argue against the notion that cell size and global transcription 
are tightly coupled.  Collectively, myofibers present a unique in vivo model to study 
how cells modify global transcription in response to changes in cell volume and/or 
DNA content.     
Skeletal muscle cells are relatively unique cell-type in that they form a 
multinucleated syncytium, thereby allowing for transcriptional output for the cell to 
be met through distribution across numerous myonuclei.  Previous studies have 
shown that transcription of a subset of genes within myonuclei occurs in pulses 
and that the proportion of active myonuclei change during post-natal growth (99).  
Taking a global approach, we demonstrated that transcriptional output is 
heterogeneous across myonuclei and that it changes during mechanical overload.  
In response a hypertrophic stimulus, individual myonuclei increase their 
transcriptional output, rather than simply increasing the proportion of 
transcriptionally active nuclei.  The mechanism by which this occurs is unclear.  
Increases in cytoplasmic volume has been shown to increase the amplitude of 
transcriptional burst (93), however we did not observe a significant increase in cell 
size until SA7.  This would suggest that muscle cells can dramatically increase 
global transcription, independent of large changes in cell size.  It is possible that 
increased mechanical loading on myofibers induce a signaling cascade to increase 
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transcription, similar to what is observed with respect to global protein synthesis 
(59).       
Another unique characteristic of muscle cells is that they can increase their 
genomic content during growth via the fusion of satellite cells (7).  Although the 
reason for this increase in myonuclear number remains unknown, one possibility 
is it may be necessary in order to maintain a constant myonuclear domain, and 
thus, presumably maintain the transcriptional demand placed on each 
myonucleus.  It has been thought that perhaps the transcriptional output may limit 
the growth response, requiring the fusion of satellite cells.  Contrary to this idea, 
we provide evidence showing that myofibers can undergo a robust growth 
response without the fusion of satellite cells (7).  Congruent with these finding, here 
we demonstrate that resident myonuclei can dramatically increase their global 
transcriptional output during hypertrophic growth, prior to the addition of satellite 
cells.   Interestingly, the number myonuclei that stained positive for EU-RNA was 
actually lower at SA14, a time point after which myonuclear accretion has occurred 
(7).  Recent evidence demonstrates that nuclei decrease their transcriptional pulse 
frequency to accommodate increased genomic content immediately following 
mitosis (93), thus, our finding would suggest that post-mitotic myonuclei possess 
a similar mechanism in response to increased gene dosage.  Furthermore, when 
myonuclear accretion was blocked, the residing myonuclei simply maintain a 
higher level of transcriptional output, possibly through increased transcriptional 
pulse frequency.   Collectively, these finding would argue that the fusion of satellite 
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cells happens in order to increase genome copy number within the myofiber as a 
way to increase the transcriptional capacity of the cell.   
This reinforces recent findings that the myonuclear domain is actually quite 
plastic (7), and that myofiber growth is unlikely to be limited simply based on the 
inability for resident myonuclei to meet an increased transcriptional demand.  This 
idea is supported by data from other model organisms that demonstrated that 
growth can be accommodated by increasing global transcription, and that DNA 
content may only be limiting when cells gets exceptionally large (94).  However, it 
may be that it’s not simply the production of transcripts that may impact growth in 
muscle, but rather, perhaps a spatial limitation that restricts transcripts to a finite 
volume of cytoplasm.  Furthermore, we were limited to assessing the global 
transcription within a myonucleus, where it may be that myonuclei differ in which 
loci are transcriptionally active.   
 One surprising finding from the current study is the apparent disconnect 
between cell size and global transcription in myofibers undergoing hypertrophic 
growth.  Using in vitro models, many have reported that global transcription scales 
linearly with cell size within the same cell type (93, 94), while across cell types, 
larger cells synthesize more RNA (96).  Myofibers allowed us to study this 
phenomenon in vivo, independent of cell division and differences in cell type.  One 
possible explanation may involve the metabolic phenotype of these small fibers, 
which is different than those of the larger fibers (3, 59).  These smaller fibers, 
termed Type IIa in the plantaris muscle, have a more oxidative phenotype 
supported by greater mitochondrial content.  Global transcription is highly related 
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to cellular ATP content and mitochondrial mass (109), thus possibly allowing these 
smaller fibers to generate greater biosynthetic activity.  This notion is supported by 
the work of Goodman and colleagues who showed that protein synthesis is also 
greater in these small Type IIa fibers (59), so perhaps increases in global 
transcription are supporting this elevated protein synthesis.  In addition, many 
studies that have examined the effect of cell size on global transcription have done 
so under homeostatic condition, whereas we observed greater transcription in 
smaller cells during a period of rapid hypertrophy.     
A large proportion of the RNA produced in the cell is dedicated to ribosome 
biogenesis, particularly during periods of growth.  To this end, it is likely that 
significant fraction of the EU-RNA that is being visualized is ribosomal RNA.  
Recently, von Walden and colleagues showed in this model that rRNA transcription 
increased significantly at SA3 and is not significantly elevated at SA7 or SA14 (89).  
Similarly, we show that pre-47s RNA peaks at SA3 compared to all other time 
points.  Thus, the dramatic increase in RNA labeling of SA3, especially in smaller 
fibers, most likely represents an increase in ribosome biogenesis.  How this 
preferential increase in rRNA is occurring remains unclear, and Pol I transcription 
of rDNA should also scale with cell size (93).    Future studies could use this in vivo 
nascent RNA labeling to study changes in ribosome biogenesis within skeletal 
muscle, as this process may be a primary source of growth control (62, 110).      
 Elucidating how global transcription is regulated in skeletal muscle could 
provide insight into what is facilitating the preferential increase RNA synthesis in 
smaller myofibers.  Recent evidence has implicated cMyc as a potent stimulator of 
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global transcription levels (105, 111).  Here, we demonstrate that cMyc expression 
parallels the changes in global transcription within growing myofibers.  These 
findings are consistent with previous studies showing that cMyc transcript and 
protein levels increase dramatically during hypertrophic growth in myofibers, 
coupled with increased myonuclear localization of a well-known cMyc target, 
upstream binding factor (UBF) (89).  Supporting to role for cMyc in myofiber 
hypertrophy, when an primary upstream signaling molecule (beta-catenin) is 
deleted, myofiber hypertrophy is impaired (103).  Studies in other cell types have 
demonstrated that overexpression of cMyc is sufficient to drive increased protein 
synthesis and cell growth (112, 113), underscoring the potent role as a cell-size 
regulator.  Furthermore, we demonstrated that two negative regulators of muscle 
cell size, Mstn and Mafbx, show a reciprocal expression pattern to cMyc, and have 
recently been implicated in directly regulating cMyc activity (114). Future studies 
are needed to identify whether there may be a preferential increase in cMyc activity 
in smaller myofibers, and whether this activity is sufficient to induce myofiber 
hypertrophy. 
Our findings indicate that global transcription is dynamically regulated in 
myofibers in response to both growth signals and nuclear addition.  Surprisingly, 
there appears to be a disconnect between cell size and global transcription in 
growing myofibers.  Future research is required to identify how global transcription 
is preferentially upregulated in this subset of myofibers and what role it plays in the 
growth process. In addition, from a transcriptional capacity standout, our findings 
suggest that myonuclear accretion does not appear to be required to modulate 
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global transcription or promote growth.  In fact, nuclear fusion resulted in smaller 
myonuclear domain and a lower level of global transcription.  Thus, understanding 
what signals promote nuclear fusion and the underlying mechanism will further our 
understanding of what role this process plays in muscle adaptation. 
Conclusions and Future Directions 
 Skeletal muscle is arguably one of the most mechanically sensitive tissues 
in the body, alongside bone. Skeletal muscle has the innate ability to respond to 
mechanical stimuli by increasing in cell size and myonuclear number.  Traditional 
dogma has argued that these two processes were intricately linked, however, work 
from our lab and others are challenging this long-standing notion.  We have shown 
that the myonuclear domain is actually quite plastic and can increase significantly 
during hypertrophy. Based on the work from the current study, at least from a 
transcriptional demand standpoint, myofibers possess the transcriptional capacity 
to meet the growth demand poised by mechanical overload.  However, simply the 
ability to efficiently increase bulk transcript levels does not take into account the 
potential spatial limitation posed by increasing the myonuclear domain.  Recent 
advances in single-molecule counting could be a method to determine whether 
spatial constraints for specific transcripts may necessitate the addition of new 
nuclei.  To date, limited data exist for how transcripts are localized within a myofiber 
and whether special mechanisms exist that facilitate transcript translocation across 
the myofiber.  Perhaps there is heterogeneity across myonuclei in the production 
of specific transcripts, and therefore, transport of those transcripts to different 
portions of the myofiber is critical for uniform protein distribution.   
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 Our work suggests that the addition of nuclei in not required for myofiber 
growth, and in fact, may occur independent of growth.  This raises an intriguing 
question: What stimulus is driving nuclear fusion in response to mechanical 
overload?  The simplest possibility is that it may be the mechanical stimulus itself.  
Recent evidence suggests that mesenchymal stem cells are extremely mechano-
sensitive and that mechanical signals regulate their differentiation process (115).  
Thus, it may be that satellite cells are responding to changes in mechanical force, 
which happen to coincide with myofiber growth, as increasing mechanical load 
remains the most common way to induce muscle hypertrophy.  This idea is 
supported by work in which myofiber hypertrophy is induced independent of 
mechanical overload (9, 39-41).  Furthermore, direct manipulation of the 
mechanical properties of the muscle impacts satellite cell behavior (116).  
 Since it appears that satellite cells are not required for acute muscle 
hypertrophy, it is no surprise that hypertrophy is impaired in aged animals, 
irrespective of satellite cell content.  This places the source of the dysfunction 
primarily within the myofiber.  Our findings would suggest impaired ribosome 
biogenesis could be a critical regulator of muscle hypertrophy in aged animals.  
Ribosome biogenesis is a tightly regulated process, requiring the coordinated 
activity of all three polymerases.  Further research is needed to identify what key 
regulators of ribosome biogenesis may be dysregulated during aging.   
 In order to advance the field of muscle plasticity, we need to focus our efforts 
on what ultimately regulates the skeletal muscle phenotype: mechanical load.  To 
do this, we need to develop a more thorough understanding of the molecular 
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response of the myofiber to mechanical forces.  To date, most of the research has 
focused on the biochemical response to mechanical force, with less emphasis 
placed on the biophysical response.  How are mechanical forces sensed by the 
muscle? How do these forces propagate within the muscle? Are forces primarily 
sensed intracellularly within the myofiber or through transmission to other 
myofibers?  How are these forces integrated within the cell?  What role does the 
myonucleus play in sensing mechanical forces? These are questions that need to 
be addressed in order to better understand what determines the muscle phenotype 
and how these processes are affected during periods of disuse, aging or disease.      
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Appendix I. All differentially expressed genes between young and aged 
skeletal muscle in response to synergist ablation 
ID Gene Symbol Cluster ID Gene Symbol Cluster 
10374327 4930415F15Rik 1 10598912 Cdk16 5 
10568374 9130023H24Rik 1 10588577 Cish 5 
10438442 A930003A15Rik 1 10555550 Clpb 5 
10419825 Acin1 1 10438328 D16H22S680E 5 
10390032 Acsf2 1 10465263 Dpf2 5 
10518455 Agtrap 1 10465185 Ehbp1l1 5 
10566502 Arfip2 1 10402020 Eml5 5 
10601771 Armcx1 1 10557498 Fam57b 5 
10450622 Atat1 1 10582231 Fbxo31 5 
10600377 Atp6ap1 1 10439063 Fbxo45 5 
10453604 Bambi 1 10383088 Gaa 5 
10465881 Best1 1 10472350 Gca 5 
10514177 Bnc2 1 10571824 Gm10674 5 
10369661 Ccar1 1 10485633 Gm10796 5 
10425686 Ccdc134 1 10573713 Heatr3 5 
10389207 Ccl5 1 10595407 Ibtk 5 
10445688 Ccnd3 1 10605090 Idh3g 5 
10562132 Cd22 1 10492402 Kcnab1 5 
10392803 Cd300c 1 10464932 Klc2 5 
10547894 Cd4 1 10553537 Luzp2 5 
10581996 Cdyl2 1 10457022 Mbp 5 
10471387 Ciz1 1 10536376 Mios 5 
10370259 Col18a1 1 10352918 Mir29c 5 
10576973 Col4a1 1 10369715 Mypn 5 
10570068 Col4a2 1 10434860 Ostn 5 
10487645 Cpxm1 1 10494335 Otud7b 5 
10493108 Crabp2 1 10565910 Plekhb1 5 
10388241 Ctns 1 10479794 Prpf18 5 
10418210 D14Ertd449e 1 10533285 Ptpn11 5 
10505623 D4Bwg0951e 1 10538100 Repin1 5 
10496727 Ddah1 1 10547613 Rimklb 5 
10577838 Ddhd2 1 10377927 Rnf167 5 
10450579 Ddr1 1 10402564 Setd3 5 
10403455 Dip2c 1 10361007 Smyd2 5 
10349793 Dstyk 1 10364011 Specc1l 5 
10464218 Fam160b1 1 10584194 Srpr 5 
10521182 Fam193a 1 10391286 Stat5b 5 
10393814 Fam195b 1 10563820 Svip 5 
10410016 Fancc 1 10349295 Tcfcp2l1 5 
10584259 Fez1 1 10445729 Tcfeb 5 
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10576373 Gas8 1 10494043 Tdrkh 5 
10373902 Gatsl3 1 10438555 Thpo 5 
10413657 Glt8d1 1 10380285 Tmem100 5 
10551417 Gm10046 1 10519007 Tprgl 5 
10411169 Gm9776 1 10437311 Trap1 5 
10603151 Gpm6b 1 10370446 Trappc10 5 
10471108 Gpr107 1 10448631 Tsc2 5 
10471814 Gpr21 1 10532472 Ulk1 5 
10509500 Hp1bp3 1 10501879 Usp53 5 
10407173 Il6st 1 10598389 Wdr45 5 
10437151 Kcnj15 1 10602428 Wnk3-ps 5 
10493555 Kcnn3 1 10593492 Zc3h12c 5 
10553131 Kdelr1 1 10432139 Zfp641 5 
10376033 Kif3a 1 10380560 Zfp652 5 
10485388 Ldlrad3 1 10383982 Znrf3 5 
10547869 Leprel2 1 10540012 Zxdc 5 
10594221 Lrrc49 1 10367532 5830405N20Rik 6 
10438570 Magef1 1 10402560 A130014H13Rik 6 
10585652 Man2c1 1 10455919 Adamts19 6 
10547088 Mbd4 1 10469300 Ankrd16 6 
10537062 Mest 1 10593024 Cd3e 6 
10398442 Mir410 1 10593015 Cd3g 6 
10398418 Mir539 1 10538979 Cd8b1 6 
10459510 Mir694 1 10569134 Deaf1 6 
10461605 Ms4a4b 1 10448034 Dll1 6 
10345675 Npas2 1 10498038 Elf2 6 
10520734 Nrbp1 1 10368886 Foxo3 6 
10578045 Nrg1 1 10535017 Gal3st4 6 
10592719 Oaf 1 10545154 Il23r 6 
10363455 Pcbd1 1 10516620 Lck 6 
10455061 Pcdhb4 1 10398350 Mir341 6 
10557705 Phkg2 1 10398406 Mir376c 6 
10379163 Pigs 1 10552406 Nkg7 6 
10478508 Pigt 1 10416700 Pcdh17 6 
10373702 Pisd-ps1 1 10455098 Pcdhb14 6 
10447517 Pisd-ps2 1 10455080 Pcdhb9 6 
10364251 Pofut2 1 10360090 Ppox 6 
10425880 Prr5 1 10464618 Rps6kb2 6 
10547916 Ptms 1 10356833 Stk25 6 
10393887 Pycr1 1 10403825 Tcrg-C 6 
10431612 Rabl2 1 10407940 Tcrg-V2 6 
10373861 Rnf215 1 10403821 Tcrg-V3 6 
10355628 Rnf25 1 10574718 Tmem208 6 
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10506201 Ror1 1 10433352 Ubn1 6 
10589511 Scap 1 10518967 1190007F08Rik 6 
10406598 Serinc5 1 10436304 Abi3bp 6 
10526014 Sfswap 1 10554249 Acan 6 
10572838 Sin3b 1 10410477 Adamts16 6 
10393728 Slc38a10 1 10431749 Adamts20 6 
10408450 Sox4 1 10354111 Aff3 6 
10440770 Srsf15 1 10599001 Agtr2 6 
10523255 Stbd1 1 10407286 BC067074 6 
10350766 Stx6 1 10402841 Brf1 6 
10557960 Tgfb1i1 1 10368817 Ccdc162 6 
10529305 Tmem129 1 10595871 Clstn2 6 
10462005 Tmem2 1 10361323 Cnksr3 6 
10381567 Tmub2 1 10529457 Cpz 6 
10428536 Trps1 1 10398319 Dlk1 6 
10500011 Tuft1 1 10434366 Dvl3 6 
10548163 Tulp3 1 10607848 Egfl6 6 
10499716 Ubap2l 1 10521243 Grk4 6 
10522208 Uchl1 1 10412218 Gzmk 6 
10524436 Usp30 1 10358577 Hmcn1 6 
10388492 Vps53 1 10569071 Hras1 6 
10481383 Wdr34 1 10604542 Hs6st2 6 
10445496 Yipf3 1 10346799 Icos 6 
10523785 Zfp326 1 10358140 Igfn1 6 
10525877 Zfp664 1 10589099 Ip6k2 6 
10440491 App 1 10432918 Krt8 6 
10371141 Hmg20b 1 10485070 Mdk 6 
10549700 Suv420h2 1 10398422 Mir134 6 
10438358 41157 1 10398334 Mir337 6 
10487748 4930402H24Rik 1 10398440 Mir369 6 
10400948 4930447C04Rik 1 10398352 Mir370 6 
10399666 9030624G23Rik 1 10398410 Mir376a 6 
10521222 Add1 1 10398408 Mir376b 6 
10374083 Aebp1 1 10398414 Mir381 6 
10414065 Anxa8 1 10398438 Mir412 6 
10526754 Ap4m1 1 10398426 Mir485 6 
10413419 Arhgef3 1 10398416 Mir487b 6 
10558754 Athl1 1 10398430 Mir496 6 
10561104 Axl 1 10398400 Mir543 6 
10486112 Bmf 1 10398338 Mir665 6 
10369948 Cabin1 1 10398396 Mir679 6 
10583759 Ccdc159 1 10457323 Mkx 6 
10486166 Ccdc32 1 10410547 Nkd2 6 
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10548105 Ccnd2 1 10601942 Nrk 6 
10456005 Cd74 1 10567995 Nupr1 6 
10538356 Chn2 1 10455069 Pcdhb6 6 
10541581 Clec4b1 1 10455148 Pcdhga12 6 
10440091 Col8a1 1 10344981 Pi15 6 
10574166 Cpne2 1 10543802 Plxna4 6 
10465059 Ctsw 1 10587616 Prss35 6 
10456601 Cxxc1 1 10480249 Ptpla 6 
10382010 Dcaf7 1 10459620 Rab27b 6 
10366866 Dctn2 1 10428388 Rspo2 6 
10590690 Dync2h1 1 10398344 Rtl1 6 
10425749 Fam109b 1 10527051 Sdk1 6 
10487660 Fam113a 1 10511631 Slc26a7 6 
10391685 Fam171a2 1 10451838 Slc5a7 6 
10350506 Fam5c 1 10348739 Sned1 6 
10597377 Fbxl2 1 10379936 Tbx2 6 
10475643 Fgf7 1 10601874 Tceal3 6 
10499062 Fhdc1 1 10451248 Tjap1 6 
10527936 Fzd1 1 10511416 Tox 6 
10376269 Galnt10 1 10543762 Tsga13 6 
10391762 Gjc1 1 10524312 Ttc28 6 
10403727 Gli3 1 10549760 Zfp580 6 
10562260 Gramd1a 1 10464169 1700010L13Rik 7 
10427026 Grasp 1 10532716 1700069L16Rik 7 
10444291 H2-Ab1 1 10521702 4930431F12Rik 7 
10444298 H2-Eb1 1 10431170 5031439G07Rik 7 
10605195 Hcfc1 1 10402334 9330161L09Rik 7 
10574780 Hsd11b2 1 10397518 Ahsa1 7 
10525365 Hvcn1 1 10580704 Amfr 7 
10397975 Ifi27l1 1 10523506 Bmp3 7 
10430344 Il2rb 1 10597854 Ccdc13 7 
10352143 Kif26b 1 10479274 Cdh4 7 
10358816 Lamc1 1 10501051 Cept1 7 
10432540 Lima1 1 10580649 Ces1e 7 
10594066 Loxl1 1 10485836 Chrm5 7 
10498076 Maml3 1 10580771 Ciapin1 7 
10368675 Marcks 1 10587627 Cyb5r4 7 
10601099 Med12 1 10392715 D11Wsu99e 7 
10550274 Meis3 1 10478949 Dok5 7 
10542555 MGC7817 1 10421394 Fam160b2 7 
10398420 Mir382 1 10385297 Gabra1 7 
10398434 Mir541 1 10384051 Gck 7 
10415052 Mmp14 1 10428441 Gm5471 7 
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10519140 Mmp23 1 10353716 Gm5698 7 
10442087 Ncrna00085 1 10414706 Gm8635 7 
10455238 Ndfip1 1 10521461 Grpel1 7 
10387659 Nlgn2 1 10409557 H2afy 7 
10551336 Numbl 1 10369704 Hnrnph3 7 
10584458 Olfr920 1 10593418 Hspb2 7 
10544660 Osbpl3 1 10577645 Ido2 7 
10508099 Oscp1 1 10373192 Inhbe 7 
10521798 Pacrgl 1 10376312 Larp1 7 
10505489 Pappa 1 10360745 Lbr 7 
10455135 Pcdhb21 1 10440570 Ltn1 7 
10484283 Pde1a 1 10542470 Mgst1 7 
10536294 Peg10 1 10456291 Mir122a 7 
10378988 Phf12 1 10436804 Mrap 7 
10494509 Pias3 1 10577471 Nek5 7 
10361771 Plagl1 1 10484679 Olfr1132 7 
10377859 Pld2 1 10373678 Olfr827 7 
10579525 Plvap 1 10587871 Paqr9 7 
10569786 Pnpla6 1 10464313 Pnliprp1 7 
10573319 Podnl1 1 10384474 Pno1 7 
10603492 Porcn 1 10458016 Proc 7 
10361023 Prox1 1 10395816 Psma6 7 
10461878 Prune2 1 10373330 Rdh7 7 
10597239 Pth1r 1 10552156 Rhpn2 7 
10467784 Pyroxd2 1 10568221 Sephs2 7 
10401114 Rab15 1 10352548 Slc30a10 7 
10384985 Rhbdf1 1 10451828 Sult1c1 7 
10464754 Rhod 1 10411274 Sv2c 7 
10405628 Rmi1 1 10353296 Tceb1 7 
10439208 Sec22a 1 10372917 Tmem5 7 
10468309 Sh3pxd2a 1 10390080 Tmem92-ps 7 
10385883 Slc22a21 1 10588466 Twf2 7 
10505008 Slc44a1 1 10393320 Ube2o 7 
10396936 Smoc1 1 10524882 Wsb2 7 
10594879 Tcf12 1 10534531 Ywhag 7 
10449419 Tead3 1 10369525 2010107G23Rik 7 
10363161 Tmem229b 1 10513945 2310002L09Rik 7 
10363762 Tmem26 1 10450835 2410137M14Rik 7 
10350188 Tmem9 1 10524606 4930519G04Rik 7 
10473432 Tnks1bp1 1 10560097 6330408A02Rik 7 
10405343 Tspan17 1 10513103 6430704M03Rik 7 
10593270 Ttc12 1 10535508 AU022870 7 
10395320 Twist1 1 10490473 BC066135 7 
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10382756 Unk 1 10541144 Cacna2d4 7 
10598933 Usp11 1 10359334 Cacybp 7 
10545014 Vopp1 1 10480878 Camsap1 7 
10423663 Vps13b 1 10582287 Car5a 7 
10562323 Wtip 1 10370530 Ccdc105 7 
10498284 Wwtr1 1 10402572 Ccdc85c 7 
10434313 Yeats2 1 10546346 Chchd4 7 
10445071 Zfp57 1 10578287 Cnot7 7 
10442240 Zfp760 1 10348451 Cxcr7 7 
10503283 1110037F02Rik 2 10443854 Cyp4f39 7 
10584561 9030425E11Rik 2 10517892 D4Ertd22e 7 
10454469 Ammecr1l 2 10523778 D830014E11Rik 7 
10551030 Arhgef1 2 10486185 Dnajc17 7 
10541803 Chd4 2 10418796 Dph3 7 
10364593 Cnn2 2 10369225 Dux 7 
10539822 Copg 2 10576940 Fam155a 7 
10372656 Cpsf6 2 10566438 Fam160a2 7 
10461311 Eml3 2 10504728 Foxe1 7 
10578145 Erh 2 10383345 Fscn2 7 
10503523 Ggh 2 10420747 Gata4 7 
10348924 Gm15427 2 10412205 Gm10735 7 
10572432 Isyna1 2 10483631 Gm13637 7 
10443131 Itpr3 2 10596093 Gm5161 7 
10448416 Kctd5 2 10565341 Gm6155 7 
10469987 Man1b1 2 10561059 Gm7092 7 
10430834 Naga 2 10517005 Gpr3 7 
10381211 Naglu 2 10375240 Hspd1 7 
10549647 Ncr1 2 10557317 Jmjd5 7 
10545917 Pcbp1 2 10552553 Klk1b7-ps 7 
10596442 Ppm1m 2 10545096 Mageb16 7 
10393309 Prpsap1 2 10533327 Mapkapk5 7 
10584615 Pvrl1 2 10388154 Med31 7 
10411958 Rnf180 2 10375713 Mgat4b 7 
10579461 Rpl18a 2 10519264 Mir429 7 
10386187 Rpl24 2 10450640 Mrps18b 7 
10550052 Rps5 2 10526493 Myl10 7 
10394471 Sdc1 2 10466372 Olfr1504 7 
10512061 Taf9 2 10386207 Olfr318 7 
10406710 Tbca 2 10556117 Olfr473 7 
10489413 Tomm34 2 10592414 Olfr958 7 
10361215 Traf3ip3 2 10419356 Otx2 7 
10377826 Zmynd15 2 10562491 Pdcd5 7 
10360205 Ncstn 2 10586384 Pdcd7 7 
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10460879 Men1 2 10567394 Pdilt 7 
10426798 Smarcd1 2 10473187 Prdx6-ps1 7 
10401667 0610007P14Rik 2 10551939 Prodh2 7 
10493203 0610031J06Rik 2 10434467 Psmd2 7 
10508468 2510006D16Rik 2 10477450 Psp 7 
10398124 4933433P14Rik 2 10509410 Rap1gap 7 
10540785 6720456B07Rik 2 10599246 Rhox2a 7 
10421697 9030625A04Rik 2 10419559 Rnase12 7 
10430968 A4galt 2 10599243 Rnf113a1 7 
10389894 Abcc3 2 10441017 Setd4 7 
10473847 Acp2 2 10514240 Slc24a2 7 
10450484 Aif1 2 10499372 Slc25a44 7 
10471247 Aif1l 2 10554502 Slc28a1 7 
10469965 Anapc2 2 10483665 Sp9 7 
10403871 Aoah 2 10476886 Sstr4 7 
10425321 Apobec3 2 10364683 Stk11 7 
10536746 Arf5 2 10542445 Strap 7 
10479490 Arfgap1 2 10552656 Syt3 7 
10473965 Arhgap1 2 10556067 Syt9 7 
10405280 Arl10 2 10592593 Tecta 7 
10527430 Arpc1a 2 10600947 Tmem28 7 
10350853 BC026585 2 10449435 Tulp1 7 
10505109 BC026590 2 10417749 Ube2e1 7 
10605081 Bcap31 2 10550833 Zfp180 7 
10387797 Bcl6b 2 10478983 2410001C21Rik 8 
10379535 Ccl8 2 10535084 3110082I17Rik 8 
10512470 Cd72 2 10519555 Abcb1b 8 
10527009 Chst12 2 10433389 Alg1 8 
10474860 Chst14 2 10504730 Anp32b 8 
10554013 Chsy1 2 10539279 Aup1 8 
10433507 Ciita 2 10472095 Bloc1s2 8 
10532711 Cmklr1 2 10460517 Brms1 8 
10427323 Copz1 2 10585037 Bud13 8 
10460359 Coro1b 2 10374185 Ccm2 8 
10485117 Creb3l1 2 10463687 D19Wsu162e 8 
10579012 Csgalnact1 2 10580085 Dcaf15 8 
10490212 Ctsz 2 10438245 Dgcr14 8 
10387890 Cxcl16 2 10364990 Eef2 8 
10423498 Dap 2 10397332 Eif2b2 8 
10409464 Dbn1 2 10425226 Eif3l 8 
10557148 Dctn5 2 10523058 Eif5a 8 
10514590 Dock7 2 10573434 Farsa 8 
10584700 Dpagt1 2 10465587 Fermt3 8 
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10458663 Dpysl3 2 10471360 Golga2 8 
10589913 Dync1li1 2 10589041 Impdh2 8 
10603485 Ebp 2 10420035 Ipo4 8 
10460603 Efemp2 2 10591497 Kri1 8 
10534316 Eif4h 2 10425559 L3mbtl2 8 
10495993 Elovl6 2 10463153 Morf4l1 8 
10362245 Epb4.1l2 2 10532390 Noc4l 8 
10561004 Erf 2 10465625 Otub1 8 
10443009 Ergic1 2 10430997 Pacsin2 8 
10373407 Esyt1 2 10573733 Papd5 8 
10428579 Ext1 2 10387871 Pelp1 8 
10501456 Fam102b 2 10445293 Pla2g7 8 
10427918 Fam105a 2 10433462 Pmm2 8 
10555438 Fchsd2 2 10370708 Polr2e 8 
10381122 Fkbp10 2 10442155 Ppp2r1a 8 
10432439 Fmnl3 2 10488575 Psmf1 8 
10481540 Fnbp1 2 10441107 Psmg1 8 
10546661 Foxp1 2 10464659 Rad9 8 
10527158 Fscn1 2 10591430 Raver1 8 
10509127 Fuca1 2 10557716 Rnf40 8 
10393047 Galk1 2 10539882 Ruvbl1 8 
10475630 Galk2 2 10465011 Sart1 8 
10535273 Gna12 2 10364814 Scamp4 8 
10417787 Gng2 2 10364890 Sf3a2 8 
10366667 Gns 2 10373202 Shmt2 8 
10381588 Grn 2 10533993 Slc15a4 8 
10481291 Gtf3c5 2 10380871 Stard3 8 
10534456 Hip1 2 10547976 Tapbpl 8 
10379215 Ift20 2 10448707 Tbl3 8 
10349603 Il10 2 10524353 Tfip11 8 
10558001 Inpp5f 2 10364955 Thop1 8 
10567297 Itpripl2 2 10420097 Tinf2 8 
10548415 Klri1 2 10368011 Vta1 8 
10493484 Krtcap2 2 10548859 Wbp11 8 
10446763 Lbh 2 10529330 Whsc2 8 
10517301 Ldlrap1 2 10576728 Xab2 8 
10507612 Lepre1 2 10474921 Zfyve19 8 
10506298 Leprot 2 10433735 Abcc1 8 
10393573 Lgals3bp 2 10464704 Adrbk1 8 
10467139 Lipa 2 10431300 Alg12 8 
10499394 Lmna 2 10585233 Alg9 8 
10373016 LOC100504608 2 10414522 Apex1 8 
10539263 Loxl3 2 10605143 Arhgap4 8 
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10408280 Lrrc16a 2 10540860 Atg7 8 
10424676 Ly6e 2 10545372 Atoh8 8 
10573583 Man2b1 2 10523468 Bmp2k 8 
10557459 Mapk3 2 10480956 Card9 8 
10584674 Mcam 2 10428052 Cct5 8 
10362767 Mical1 2 10568024 Coro1a 8 
10447617 Mir692-1 2 10527455 Cpsf4 8 
10448182 Mir703 2 10500837 Dclre1b 8 
10447167 Mta3 2 10421981 Dis3 8 
10420787 Mtmr9 2 10376959 Elac2 8 
10452639 Myl12b 2 10550650 Ercc1 8 
10354372 Myl6 2 10471191 Exosc2 8 
10565634 Myo7a 2 10521984 G6pd2 8 
10385709 N4bp3 2 10578771 Galnt7 8 
10572089 Nat2 2 10386125 Gemin5 8 
10346843 Nrp2 2 10431722 Gxylt1 8 
10360454 Opn3 2 10458398 Hars 8 
10373036 Os9 2 10383365 Hgs 8 
10529028 Ost4 2 10577882 Hgsnat 8 
10525419 P2rx7 2 10433292 Hmox2 8 
10345037 Paqr8 2 10557528 Kctd13 8 
10556426 Parva 2 10364194 Lss 8 
10439218 Pdia5 2 10438198 Med15 8 
10561306 Pld3 2 10590972 Mif 8 
10398907 Pld4 2 10415045 Mrpl52 8 
10377612 Plscr3 2 10580457 N4bp1 8 
10451860 Pot1b 2 10541845 Nop2 8 
10586477 Ppib 2 10425866 Parvg 8 
10380477 Ppp1r9b 2 10463751 Pdcd11 8 
10598403 Praf2 2 10377286 Pik3r6 8 
10436048 Prdx1 2 10415875 Pinx1 8 
10436456 Pros1 2 10548817 Plbd1 8 
10560644 Pvrl2 2 10523128 Ppbp 8 
10560434 Qpctl 2 10482731 Prpf40a 8 
10359034 Qsox1 2 10478897 Ptpn1 8 
10461408 Rab3il1 2 10412624 Pxk 8 
10362091 Raet1d 2 10524781 Rab35 8 
10477583 Raly 2 10358038 Rnpep 8 
10525983 Ran 2 10436694 Rplp0 8 
10438308 Ranbp1 2 10517116 Rps6ka1 8 
10473045 Rbm45 2 10563597 Saa3 8 
10485645 Rcn1 2 10546710 Shq1 8 
10605181 Renbp 2 10429128 Sla 8 
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10355173 Rpl10a 2 10421648 Slc25a30 8 
10451301 Rpl11 2 10406881 Smn1 8 
10556571 Rpl19 2 10474936 Spint1 8 
10597490 Rps27 2 10596137 Srprb 8 
10373569 Rpsa 2 10569848 Stxbp2 8 
10463462 Sfxn3 2 10459109 Tcof1 8 
10602840 Sh3kbp1 2 10515368 Toe1 8 
10397002 Sipa1l1 2 10353803 Uggt1 8 
10384539 Slc1a4 2 10359961 Uhmk1 8 
10505276 Slc31a1 2 10603440 Was 8 
10410078 Slc35d2 2 10454606 Wdr36 8 
10520187 Slc4a2 2 10444098 Wdr46 8 
10587854 Slc9a9 2 10581311 Acd 9 
10424349 Sqle 2 10577757 Adam9 9 
10532767 Ssh1 2 10439455 Adprh 9 
10600301 Ssr4 2 10586064 Anp32a 9 
10344897 Sulf1 2 10456974 Arf1 9 
10472440 Tax1bp3 2 10444761 Bat1a 9 
10568188 Tbc1d10b 2 10569203 Chid1 9 
10595680 Tbc1d2b 2 10437399 Coro7 9 
10393408 Tmc6 2 10371432 D10Wsu52e 9 
10465783 Tmem179b 2 10546104 Eefsec 9 
10475247 Tmem62 2 10429957 Fbxl6 9 
10545479 Tmsb10 2 10405125 Fbxw17 9 
10448593 Traf7 2 10488862 Ggt7 9 
10565727 Tsku 2 10433262 Gm5766 9 
10432404 Tuba1a 2 10381809 Itgb3 9 
10408610 Tubb2a 2 10482929 Ly75 9 
10506870 Txndc12 2 10437541 Nagpa 9 
10408741 Txndc5 2 10371201 Ncln 9 
10549770 U2af2 2 10471256 Nup214 9 
10436487 Vgll3 2 10569152 Pddc1 9 
10508805 Wasf2 2 10465521 Plcb3 9 
10468489 Xpnpep1 2 10563014 Prmt1 9 
10485042 Zfp408 2 10487937 Prokr2 9 
10413220 Zmiz1 2 10558723 Psmd13 9 
10449315 2900010M23Rik 3 10383472 Rac3 9 
10376596 4933439F18Rik 3 10531340 Rpl13 9 
10535502 Aimp2 3 10500009 Rpl31 9 
10389701 Akap1 3 10496735 Rpl36a 9 
10588883 Amt 3 10373498 Rps26 9 
10419136 Cdv3 3 10585721 Scamp2 9 
10369885 Cisd1 3 10398039 Serpina3f 9 
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10483178 Cobll1 3 10373873 Sf3a1 9 
10528170 Cycs 3 10489705 Slc13a3 9 
10352448 Dusp10 3 10392701 Slc39a11 9 
10582712 Egln1 3 10370025 Smarcb1 9 
10379013 Flot2 3 10434067 Smpd4 9 
10571329 Gm501 3 10563260 Snrnp70 9 
10464586 Gstp2 3 10465790 Taf6l 9 
10545471 Kcmf1 3 10524345 Tpst2 9 
10353181 Lactb2 3 10508135 Trappc3 9 
10551529 LOC100503763 3 10434148 Trmt2a 9 
10383389 Mrpl12 3 10465812 Ttc9c 9 
10434664 Ndufa11 3 10506668 Yipf1 9 
10383897 Nf2 3 10374106 Ykt6 9 
10554413 Ngrn 3 10441422 Zdhhc14 9 
10407358 Paip1 3 10516576 Rbbp4 9 
10442454 Pgp 3 10603431 Suv39h1 9 
10384349 Polr2c 3 10583697 Smarca4 9 
10508479 Ptp4a2 3 10455967 2610318N02Rik 9 
10560911 Rabac1 3 10556658 9030624J02Rik 9 
10374020 Rhbdd3 3 10432986 Aaas 9 
10492522 Schip1 3 10602223 Alg13 9 
10385466 Sgcd 3 10492078 Alg5 9 
10408616 Slc22a23 3 10419977 Ap1g2 9 
10555460 Stard10 3 10550326 Ap2s1 9 
10481135 Surf1 3 10398121 Bdkrb1 9 
10501802 Tmem56 3 10475708 Blvra 9 
10430319 Tst 3 10586591 Car12 9 
10512391 Vcp 3 10459496 Ccbe1 9 
10386005 Atp5f1 3 10444858 Cchcr1 9 
10392930 Atp5h 3 10517609 Cda 9 
10440483 Atp5j 3 10437040 Chaf1b 9 
10535647 Atp5j2 3 10478594 Ctsa 9 
10400470 Cox6c 3 10419736 Dad1 9 
10551836 Cox7a1 3 10398446 Dio3 9 
10604100 Ndufa1 3 10545623 Dok1 9 
10543134 Ndufa4 3 10489078 Dsn1 9 
10430846 Ndufa6 3 10454332 Elp2 9 
10537452 Ndufb2 3 10533316 Erp29 9 
10512093 Ndufb6 3 10517967 Fblim1 9 
10573194 Ndufb7 3 10603099 Figf 9 
10360076 Ndufs2 3 10576046 Foxf1a 9 
10452525 Ndufv2 3 10508249 Gm12942 9 
10509858 Sdhb 3 10400710 Gm71 9 
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10593356 Sdhd 3 10365601 Gnptab 9 
10383887 Uqcr10 3 10499777 Ints3 9 
10370833 Uqcr11 3 10352735 Ints7 9 
10425611 Aco2 3 10487359 Itpripl1 9 
10350478 Glrx2 3 10487392 Kcnip3 9 
10486284 Ndufaf1 3 10431528 Lmf2 9 
10607587 Pdha1 3 10371012 Lmnb2 9 
10468869 Prdx3 3 10523758 Lrrc8b 9 
10441815 Sod2 3 10534551 Lrwd1 9 
10557831 Myst1 3 10444595 Lsm2 9 
10458569 Nr3c1 3 10401527 Ltbp2 9 
10383342 0610009L18Rik 3 10573419 Lyl1 9 
10447038 1110001A16Rik 3 10572906 Mcm5 9 
10582229 1110003O08Rik 3 10499438 Msto1 9 
10352097 1700016C15Rik 3 10427205 Myg1 9 
10358717 1700025G04Rik 3 10444927 Nrm 9 
10595205 2410127L17Rik 3 10376074 P4ha2 9 
10368475 4930519F09Rik 3 10442331 Pkmyt1 9 
10459604 4933403F05Rik 3 10587799 Plscr2 9 
10409986 4933434E20Rik 3 10366026 Poc1b 9 
10353993 6330578E17Rik 3 10430804 Pppde2 9 
10346340 9430016H08Rik 3 10355813 Ptprn 9 
10354267 A530098C11Rik 3 10563101 Rpl13a 9 
10519578 Abcb4 3 10567020 Rpl7a 9 
10546137 Abtb1 3 10501742 Rpl7a-ps3 9 
10456699 Acaa2 3 10567163 Rps13 9 
10355246 Acadl 3 10538629 Rps15 9 
10384936 Acyp2 3 10606939 Rps4x 9 
10502232 Aimp1 3 10451061 Runx2 9 
10382257 Amz2 3 10546967 Sec13 9 
10395672 Ap4s1 3 10382890 Sec14l1 9 
10365056 Apba3 3 10554375 Sema4b 9 
10467091 Atad1 3 10607747 Siah1b 9 
10401138 Atp6v1d 3 10450296 Skiv2l 9 
10472893 B230120H23Rik 3 10460696 Slc25a45 9 
10512136 Bag1 3 10505224 Snx30 9 
10454580 Bin1 3 10376813 Specc1 9 
10539435 Bola3 3 10371662 Spic 9 
10456021 Camk2a 3 10524676 Srsf9 9 
10518837 Camta1 3 10579313 Ssbp4 9 
10360235 Casq1 3 10470936 Tbc1d13 9 
10543835 Chchd3 3 10426065 Tbc1d22a 9 
10371616 Chpt1 3 10600547 Tbl1x 9 
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10533659 Clip1 3 10397719 Tdp1 9 
10423505 Cmbl 3 10550076 Trim28 9 
10411107 Cmya5 3 10559248 Tspan32 9 
10503584 Coq3 3 10577070 Tubgcp3 9 
10345504 Cox5b 3 10575476 Vac14 9 
10578904 Cpe 3 10444605 Vars 9 
10481474 Crat 3 10489723 Zmynd8 9 
10447349 Cript 3 10545125 Rpl23 9 
10547217 Csgalnact2 3 10418011 Dupd1 10 
10370413 D10Jhu81e 3 10404975 Id4 10 
10415262 Dcaf11 3 10438405 Igl-V1 10 
10565775 Dgat2 3 10567825 Lat 10 
10377245 Dhrs7c 3 10503680 Map3k7 10 
10394245 Dnajc27 3 10421911 Pcdh20 10 
10465045 Drap1 3 10349108 Serpinb5 10 
10394690 E2f6 3 10530633 Sgcb 10 
10548815 E330021D16Rik 3 10559919 Zfp772 10 
10568939 Echs1 3 10590343 Trak1 10 
10494299 Ensa 3 10394209 Dnmt3a 10 
10420935 Ephx2 3 10530819 Hopx 10 
10593789 Etfa 3 10559878 2810047C21Rik1 10 
10506989 Faf1 3 10381683 Acbd4 10 
10545045 Fam13a 3 10459241 Afap1l1 10 
10529287 Fam53a 3 10458355 Apbb3 10 
10516994 Fam76a 3 10427399 Ccdc152 10 
10528598 Fastk 3 10504188 Ccl19 10 
10481909 Fbxw2 3 10400350 Cfl2 10 
10593483 Fdx1 3 10366546 Cpm 10 
10604508 Frmd7 3 10344990 Crispld1 10 
10597978 Fyco1 3 10447938 Dact2 10 
10402262 Gm2695 3 10404380 Dusp22 10 
10362069 Gm5420 3 10390574 Fbxl20 10 
10434672 Gng5 3 10385036 Fgf18 10 
10467842 Got1 3 10414025 Gdf10 10 
10397507 Gstz1 3 10373583 Gdf11 10 
10520467 Hadhb 3 10529732 Hs3st1 10 
10362036 Hbs1l 3 10438060 Igll1 10 
10406626 Homer1 3 10512356 Il11ra2 10 
10505200 Hsdl2 3 10584165 Kirrel3 10 
10585417 Idh3a 3 10355266 Lancl1 10 
10409799 Isca1 3 10562419 Lrp3 10 
10353309 Jph1 3 10584591 Mirlet7a-2 10 
10493703 Jtb 3 10555055 Ndufc2 10 
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10396094 Klhdc2 3 10516211 Ndufs5 10 
10522134 Lias 3 10480275 Nebl 10 
10417704 Lrrc3b 3 10407420 Net1 10 
10344624 Lypla1 3 10368585 Nkain2 10 
10357579 Mapkapk2 3 10481349 Ntng2 10 
10384603 Mdh1 3 10405633 Ntrk2 10 
10595480 Me1 3 10366266 Pawr 10 
10359861 Mgst3 3 10511363 Penk 10 
10492469 Mlf1 3 10497253 Pmp2 10 
10514255 Mllt3 3 10426722 Prpf40b 10 
10482486 Mmadhc 3 10528484 Srpk2 10 
10538253 Mpp6 3 10381006 Thra 10 
10355456 Mreg 3 10526564 Ufsp1 10 
10532628 Myo18b 3 10413216 4931406H21Rik 11 
10435821 Naa50 3 10370950 Ap3d1 11 
10503643 Ndufaf4 3 10517090 Arid1a 11 
10498058 Ndufc1 3 10540650 Arpc4 11 
10417734 Nr1d2 3 10480570 Arrdc1 11 
10365518 Nt5dc3 3 10373924 Ascc2 11 
10562480 Nudt19 3 10402249 Atxn3 11 
10568568 Oat 3 10365428 Btbd11 11 
10530615 Ociad2 3 10579703 Cherp 11 
10367708 Pcmt1 3 10524105 Chfr 11 
10417538 Pdhb 3 10520234 Chpf2 11 
10368162 Pex7 3 10549569 Cnot3 11 
10606102 Phka1 3 10409508 Ddx41 11 
10469046 Phyh 3 10377704 Dvl2 11 
10429802 Plec 3 10353794 Fam168b 11 
10395538 Pnpla8 3 10513551 Fkbp15 11 
10361104 Ppp2r5a 3 10450075 H2-K1 11 
10482323 Ppp6c 3 10529410 Mfsd10 11 
10514779 Prkaa2 3 10382852 Mfsd11 11 
10385325 Pttg1 3 10428857 Mtss1 11 
10399214 Rab10 3 10471129 Ncs1 11 
10372478 Rab21 3 10414497 Parp2 11 
10569870 Retn 3 10508351 Phc2 11 
10545298 Rmnd5a 3 10502805 Ptgfr 11 
10375893 Sar1b 3 10549057 Recql 11 
10481634 Slc25a25 3 10565852 Rnf169 11 
10349711 Slc41a1 3 10553100 Rpl18 11 
10602756 Smpx 3 10405918 Rsl1 11 
10607524 Sms 3 10359713 Sft2d2 11 
10484472 Smtnl1 3 10378523 Smg6 11 
 
111 
 
10467425 Sorbs1 3 10478884 Snai1 11 
10475437 Sord 3 10478291 Srsf6 11 
10375125 Ssbp1 3 10373890 Tbc1d10a 11 
10400191 Strn3 3 10576305 Tcf25 11 
10427807 Sub1 3 10533446 Tctn1 11 
10416379 Sucla2 3 10519060 Tnfrsf14 11 
10395277 Sypl 3 10581181 Tradd 11 
10375973 Taf13 3 10419073 Tspan14 11 
10392207 Tex2 3 10564888 Unc45a 11 
10435075 Tfrc 3 10432032 Vdr 11 
10417676 Thoc7 3 10588454 Wdr82 11 
10358050 Timm17a 3 10465366 Zfpl1 11 
10514568 Tm2d1 3 10458138 Brd8 11 
10426467 Tmem117 3 10508737 Eya3 11 
10491136 Tnik 3 10391221 Kat2a 11 
10544640 Tra2a 3 10508042 Meaf6 11 
10603166 Trappc2 3 10520513 4930471M23Rik 11 
10569886 Trappc5 3 10390186 Abi3 11 
10465043 Tsga10ip 3 10388545 Abr 11 
10402096 Ttc7b 3 10426999 Acvrl1 11 
10535866 Ubl3 3 10551319 Adck4 11 
10384579 Ugp2 3 10400006 Ahr 11 
10384004 Urgcp 3 10508382 Ak2 11 
10436561 Usp25 3 10464560 Aldh3b1 11 
10588903 Usp4 3 10502050 Alpk1 11 
10517036 Wdtc1 3 10450038 Angptl4 11 
10575917 Wfdc1 3 10572786 Ap1m1 11 
10530371 Yipf7 3 10534660 Ap1s1 11 
10584057 Zbtb44 3 10434384 Ap2m1 11 
10575609 Zfp1 3 10406681 Ap3b1 11 
10395807 1110008L16Rik 4 10567702 Arhgap17 11 
10401564 1110018G07Rik 4 10548892 Arhgdib 11 
10396919 4933426M11Rik 4 10444439 Atf6b 11 
10543785 AB041803 4 10486029 Atpbd4 11 
10450648 Abcf1 4 10535006 BC037034 11 
10505779 Acer2 4 10526783 BC055004 11 
10499883 Adrm1 4 10549222 Bcat1 11 
10602372 Alas2 4 10560685 Bcl3 11 
10387821 Alox12 4 10467508 Blnk 11 
10395287 Atxn7l1 4 10429908 Bop1 11 
10450412 AU023871 4 10525887 Bri3bp 11 
10366774 Avil 4 10562461 C230052I12Rik 11 
10592802 C2cd2l 4 10372600 Cct2 11 
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10561078 Ccdc97 4 10576140 Cdt1 11 
10473760 Celf1 4 10581902 Cfdp1 11 
10409345 Cltb 4 10603860 Cfp 11 
10518019 Ddi2 4 10540298 Chl1 11 
10507557 Ebna1bp2 4 10389526 Cltc 11 
10475405 Eif3j 4 10597461 Cmtm7 11 
10413461 Erc2 4 10569569 Cttn 11 
10591423 Fdx1l 4 10582303 Cyba 11 
10469577 Gm16495 4 10453057 Cyp1b1 11 
10539818 Gp9 4 10374068 Dbnl 11 
10426042 Gramd4 4 10573461 Dnase2a 11 
10368739 Gtf3c6 4 10371607 Dram1 11 
10506004 Hook1 4 10445977 Ebi3 11 
10359917 Hsd17b7 4 10434441 Ece2 11 
10582123 Hsdl1 4 10391768 Eftud2 11 
10384322 Hus1 4 10454564 Ercc3 11 
10391697 Itga2b 4 10498168 Exosc8 11 
10520046 LOC100503803 4 10569611 Fadd 11 
10493177 Mef2d 4 10592067 Fli1 11 
10399314 Mfsd2b 4 10578377 Frg1 11 
10540248 Mitf 4 10538420 Gars 11 
10515755 Mpl 4 10500155 Gm10691 11 
10507961 Mtf1 4 10394812 Gm4983 11 
10540579 Mtmr14 4 10375487 Gnb2l1 11 
10401637 Nek9 4 10445119 H2-M3 11 
10393774 Nploc4 4 10531737 Hpse 11 
10592330 Nrgn 4 10521261 Htt 11 
10371067 Pias4 4 10577560 Ikbkb 11 
10466779 Pip5k1b 4 10566050 Il18bp 11 
10539042 Polr1a 4 10557342 Il21r 11 
10574996 Prmt7 4 10398831 Inf2 11 
10348004 Psmd1 4 10572693 Jak3 11 
10572928 Rasd2 4 10550877 Kcnn4 11 
10478875 Rnf114 4 10574436 Khdrbs1 11 
10404965 Rnf144b 4 10350247 Kif21b 11 
10545255 Rpia 4 10438445 Klhl6 11 
10433672 Rrn3 4 10409434 Lman2 11 
10467852 Slc25a28 4 10415065 Lrp10 11 
10572647 Slc27a1 4 10572445 Lrrc25 11 
10501104 Slc6a17 4 10555174 Lrrc32 11 
10378816 Slc6a4 4 10523766 Lrrc8c 11 
10493210 Smg5 4 10460645 Map3k11 11 
10489904 Spata2 4 10414355 Mapk1ip1l 11 
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10393222 Srp68 4 10534974 Mcm7 11 
10561401 Supt5h 4 10444911 Mdc1 11 
10384192 Tbrg4 4 10405994 Med10 11 
10388174 Tekt1 4 10377822 Med11 11 
10454953 Tmco6 4 10349404 Mgat5 11 
10357239 Tmem37 4 10384154 Myo1g 11 
10385941 Tnip1 4 10504743 Nans 11 
10354897 Trak2 4 10517883 Necap2 11 
10573401 Trmt1 4 10471844 Nek6 11 
10479154 Tubb1 4 10444352 Notch4 11 
10405355 Unc5a 4 10448748 Nubp2 11 
10469083 Upf2 4 10470973 Nup188 11 
10494153 Vps72 4 10436426 Orai2 11 
10508420 Yars 4 10498371 P2ry12 11 
10536931 Ahcyl2 4 10387932 Pfn1 11 
10418766 Ankrd28 4 10357008 Pign 11 
10564839 Ap3s2 4 10373101 Pip4k2c 11 
10379866 Car4 4 10365069 Pip5k1c 11 
10402336 Ddx24 4 10526520 Plod3 11 
10460573 Eif1ad 4 10565862 Pold3 11 
10428398 Eif3e 4 10430945 Poldip3 11 
10549780 Epn1 4 10370552 Ppap2c 11 
10352514 Eprs 4 10368970 Prdm1 11 
10500610 Fam46c 4 10533026 Prkab1 11 
10559708 Fiz1 4 10501447 Prpf38b 11 
10436500 Gbe1 4 10481518 Ptges 11 
10574259 Gpr56 4 10514275 Ptplad2 11 
10377652 Gps2 4 10494978 Ptpn22 11 
10532052 Hfm1 4 10572757 Rab8a 11 
10345025 Iars 4 10486061 Rasgrp1 11 
10588707 Ifrd2 4 10509820 Rcc2 11 
10378482 Mett10d 4 10461057 Rcor2 11 
10436428 Mina 4 10444505 Rdbp 11 
10561516 Nfkbib 4 10451710 Rftn1 11 
10515051 Osbpl9 4 10397853 Rin3 11 
10480035 Pfkfb3 4 10600349 Rpl10 11 
10601390 Pgk1 4 10373519 Rpl12 11 
10585932 Pkm2 4 10567103 Rpl5 11 
10556764 Ppp1cc 4 10451472 Rpl7l1 11 
10344723 Rrs1 4 10551021 Rps19 11 
10570837 Slc20a2 4 10541494 Rps27a 11 
10478854 Slc9a8 4 10565802 Rps3 11 
10481122 Surf6 4 10454447 Sap130 11 
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10398665 Tnfaip2 4 10408557 Serpinb1a 11 
10428238 Ubr5 4 10517169 Sh3bgrl3 11 
10449602 1110021J02Rik 5 10425138 Sh3bp1 11 
10593421 1110032A03Rik 5 10589350 Shisa5 11 
10369911 1110038D17Rik 5 10585625 Sin3a 11 
10433472 1810013L24Rik 5 10360306 Slamf8 11 
10353849 4632411B12Rik 5 10485183 Slc35c1 11 
10470381 5930434B04Rik 5 10376216 Slc36a1 11 
10468131 9130011E15Rik 5 10396896 Slc39a9 11 
10528648 Abcf2 5 10378649 Slc43a2 11 
10376096 Acsl6 5 10456764 Smad2 11 
10427015 Acvr1b 5 10602599 Smc1a 11 
10374364 Akt2 5 10536762 Snd1 11 
10352690 Angel2 5 10586168 Snord16a 11 
10595990 Armc8 5 10541721 Spsb2 11 
10494238 Arnt 5 10534694 Srrt 11 
10590427 Ccbp2 5 10464672 Ssh3 11 
10557439 Ccdc101 5 10452918 Strn 11 
10531304 Cdkl2 5 10364287 Sumo3 11 
10359050 Cep350 5 10573451 Syce2 11 
10407591 Chrm3 5 10592342 Tbrg1 11 
10533633 Diablo 5 10551185 Tgfb1 11 
10529118 Eif2b4 5 10385375 Thg1l 11 
10391378 Ezh1 5 10452022 Ticam1 11 
10502845 Fam73a 5 10382470 Tmem104 11 
10542745 Fgfr1op2 5 10602180 Tmem164 11 
10526508 Fis1 5 10500100 Tnfaip8l2 11 
10448369 Flywch1 5 10411491 Tnpo1 11 
10524124 Golga3 5 10481949 Traf1 11 
10599781 Htatsf1 5 10425808 Tspo 11 
10402864 Ighg 5 10475293 Tubgcp4 11 
10511368 Impad1 5 10449731 U2af1 11 
10459804 Katnal2 5 10579234 Upf1 11 
10591482 Keap1 5 10561868 Wdr62 11 
10513008 Klf4 5 10490053 Zfp217 11 
10560532 Lrrc68 5 10401238 Zfp36l1 11 
10596637 Mapkapk3 5 10585129 Zw10 11 
10579731 Med26 5 10537770 Zyx 11 
10589438 Mtap4 5 10434689 Ahsg 12 
10383867 Mtmr3 5 10523062 Alb 12 
10569441 Nap1l4 5 10585005 Apoa1 12 
10390271 Nfe2l1 5 10480751 C8g 12 
10427796 Npr3 5 10558673 Cyp2e1 12 
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10520250 Nub1 5 10507143 Cyp4a12a 12 
10573998 Ogfod1 5 10538965 Fabp1 12 
10345423 Plekhb2 5 10492735 Fgg 12 
10396358 Ppm1a 5 10531149 Gc 12 
10559516 Rdh13 5 10464583 Gstp1 12 
10425834 Samm50 5 10408113 Hist1h4i 12 
10380534 Spop 5 10500539 Hsd3b4 12 
10415159 Thtpa 5 10513512 Mup1 12 
10572880 Tom1 5 10513437 Mup11 12 
10488892 Trpc4ap 5 10513472 Mup19 12 
10501963 Ugt8a 5 10513455 Mup2 12 
10407513 Wdr37 5 10513521 Mup20 12 
10546349 Xpc 5 10513529 Mup3 12 
10439542 Zdhhc23 5 10513412 Mup4 12 
10548057 Ndufa9 5 10513420 Mup7 12 
10356628 Hdac4 5 10542983 Pon1 12 
10446084 Kdm4b 5 10363498 Ppa1 12 
10455866 1700011I03Rik 5 10553274 Saa2 12 
10432162 2310037I24Rik 5 10402399 Serpina1a 12 
10515861 4930538K18Rik 5 10402390 Serpina1b 12 
10437443 5730403B10Rik 5 10402406 Serpina1c 12 
10474181 Abtb2 5 10402409 Serpina1e 12 
10449854 Akap8l 5 10561854 Tbcb 12 
10579776 Arhgap10 5 10518805 Vamp3 12 
10583573 Atg4d 5 10534654 Znhit1 12 
10530319 Atp8a1 5 10558248 Bub3 12 
10412741 Atxn7 5 10576417 Galnt2 12 
10444685 Bat5 5 10477169 Id1 12 
10537179 Bpgm 5 10512165 Nol6 12 
10508454 Bsdc1 5 10451238 Polr1c 12 
10509620 Capzb 5 10380986 Psmd3 12 
10420516 Cdadc1 5 10387791 Slc16a13 12 
      10465604 Stip1 12 
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